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Chapter 1 
General Introduction 
 
The topic of this thesis is the N150 component of the Auditory Evoked Potential (AEP) from 
the rat amygdala. More specifically, the experiments reported in this thesis addressed the 
question: what functional process is reflected by the N150? The N150 is a slow, negative 
potential that reaches its peak amplitude around 150 milliseconds (ms) after stimulus onset 
and is recordable from the lateral nucleus of the amygdala. The N150 was first observed in a 
pilot study in which AEPs were elicited by an auditory stimulus that predicted the delivery of 
a foot shock. This chapter starts with an outline of the internal circuitry of the amygdala and 
its major anatomical inputs and outputs, followed by a brief review of the role of the 
amygdala in Pavlovian fear conditioning in both animals and humans. Then, an overview of 
previous research that used amygdalar AEPs in animals is given. Finally, the N150 and the 
goal of the thesis are described.   
 
1. Anatomy of the amygdala 
1.1 Intra-amygdalar circuitry 
The amygdala is a group of densely interconnected nucleï located in the temporal lobe 
(Pitkänen, Savander, & LeDoux, 1997). Together, the amygdalar nucleï are sometimes also 
referred to as the amygdaloid complex. The rat amygdala consists of 13 separate nucleï and 
areas, most of which are further subdivided into anatomically distinct divisions. The lateral 
(LA), basolateral (BL), basomedial (BM) and central nucleus (CE) are the nucleï most 
relevant for learning and memory and have, accordingly, received the most attention in the 
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scientific literature (see Fig. 1; LeDoux, 2000; Maren, 2001). Together, LA, BL and BM are 
also referred to as the basolateral complex (BLA). The LA is the main site within the 
amygdala where projections carrying sensory information from a number of sensory  
 
Figure 1. Internal circuitry of the amygdala. BL, basolateral nucleus. 
BS, brain stem. CeL, central nucleus, lateral division. CeM, central 
nucleus, medial division. ITC, intercalated cell masses. LA, lateral 
nucleus. Adapted from Paré, Quirk and LeDoux (2004). 
 
modalities (auditory, visual, somatosensory) and neural structures arrive (see section 1.2). In 
contrast, the CE is mainly involved in the expression of fear responses. Specifically, the 
medial division of the CE (CEm) sends projections to brain stem and hypothalamic nuclei that 
are involved in the expression of behavioural and physiological fear responses (see Davis, 
2000, for review). In general, information about external stimuli enters the amygdala via the 
LA, which, in case the stimulus is an unconditioned or conditioned fear stimulus, recruits the 
CEm, which in turn orchestrates the expression of fear responses. The LA does not project to 
CEm directly, but via GABAergic intercalated cell masses (ICT) located between LA and 
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CEm (Fig. 1) (Paré et al., 2004). Normally these ITC neurons inhibit CEm neurons, but, when 
activated via the LA, this inhibition is interrupted, giving CEm the opportunity to express fear 
responses. The CEm also receives projections from sensory processing areas of the thalamus, 
but the relevance of this projection for Pavlovian fear conditioning needs to be established. 
 
1.2 Inputs of the amygdala 
The amygdala is reciprocally connected with a large number of structures (see Fig. 2). Only 
inputs and outputs relevant for Pavlovian fear conditioning will be described here. Direct, 
monosynaptic, projections from auditory processing areas of the thalamus to the amygdala 
have been mapped only relatively recently. By observing the deposit sites of anterograde and  
Figure 2. Anatomical inputs and outputs of the amygdala. Adapted from Paré, 
Collins and Pelletier (2002). 
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retrograde tracers it was shown that these projections originate in the medial division of the 
medial geniculate body (MGm), the posterior intralaminar nucleus (PIN) and the 
suprageniculate nucleus (SG) and terminate in the LA (LeDoux, Farb, & Ruggiero, 1990; 
LeDoux, Farb, & Romanski, 1991). These anatomical studies have been supplemented by 
physiological experiments in which short- latency action potentials (~7 ms) were evoked in 
the LA by electrical stimulation of the MGm/PIN/SG (Clugnet, LeDoux, & Morrison, 1990). 
Thus, via the MGm/PIN, auditory information at a low stage of processing in the auditory 
system can be passed directly to the amygdala. In addition, the amygdala has access to more 
elaborately processed auditory information via afferent projections from the auditory 
association cortex that also terminate in LA (LeDoux et al., 1991; Mascagni, McDonald, & 
Coleman, 1993). An experiment in anaesthetised rats in which both thalamic and cortical 
fibers were stimulated has shown that single neurons in the LA can be innervated by both 
pathways (Li, Stutzmann, & LeDoux, 1996). Studies recording single-cell activity from LA 
have revealed that LA neurons are responsive to acoustic stimulation (Bordi & LeDoux, 1992; 
Bordi, LeDoux, Clugnet, & Pavlides, 1993), thereby confirming the existence of auditory 
responsive neurons in the amygdala, as was suggested by the anatomical studies. 
The LA also receives somatosensory information, such as that transmitted by foot 
shocks. Foot shocks are capable of eliciting spike firing in LA neurons (Romanski, Clugnet, 
Bordi, & LeDoux, 1993). Neurons in the MGm/PIN/SG complex receive collaterals from the 
spinothalamic tract (LeDoux, Ruggiero, Forest, Stornetta, & Reis, 1987) and are responsive to 
foot shocks (Bordi & LeDoux, 1994). This suggests that nociceptive information can be 
passed to the LA via the MGm/PIN/SG. In addition, the LA receives somatosensory 
information via two alternative routes, namely (1) the parietal insular cortex and perirhinal 
cortex and (2) the paraventricular thalamic nucleus (Lanuza, Nader, & Ledoux, 2004, for 
review). Thus, analogous to the auditory modality, the LA receives both highly processed 
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somatosensory information via cortical afferents and relatively sparsely processed inputs via 
thalamic pathways. It should be noted that nociceptive information also enters the amygdala 
via the CE through fibers of the spinothalamic and parabrachio-amygdaloid tracts (Lanuza et 
al., 2004). 
Most of the literature on sensory projections to the amygdala is concerned with the 
auditory modality, a consequence of auditory Pavlovian fear conditioning being the most 
widely used type of fear conditioning. However, afferents carrying information from other 
sensory modalities are also likely to enter the amygdala via the LA. For example, there is 
evidence that visual information also enters the amygdala via the LA, and that both thalamic 
and cortical pathways exist, as with the auditory modality (Maren, 2001).  
The amygdala also receives information from the hippocampal formation. The ventral 
hippocampus sends projections, originating in CA1 and the subiculum, to the BM and BL 
(Canteras & Swanson, 1992). The hippocampus is involved in the formation of associations 
between an aversive event and the specific context in which that event took place (LeDoux, 
2000), and the hippocampo-amgydala pathway is involved in the contextual modulation of 
spike firing of LA neurons (Hobin, Goosens, & Maren, 2003; Maren & Hobin, 2007).  
The amygdala is also reciprocally connected with the medial prefrontal cortex 
(PFCm). The infralimbic and prelimbic cortex, subdivisions of the PFCm, project, 
respectively, to the LA and the BL and this PFCm-amygdala pathway is thought to mediate 
the suppression of fear responses during the extinction of conditioned fear (Sotres-Bayon, 
Bush, & LeDoux, 2004, for review). More recently, the importance of the GABAergic 
intercalated cell masses located between the BLA and CE in the extinction of conditioned fear 
has been established (Jungling et al., 2008; Likhtik, Popa, Apergis-Schoute, Fidacaro, & Paré, 
2008). These intercalated cells exert an inhibitory influence on CEm neurons and are thus in a 
position to suppress fear responses normally orchestrated by CEm. The BLA is also 
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interconnected with the orbitofrontal cortex and interactions between these structures are 
involved in the encoding of outcomes predicted by sensory cues (Schoenbaum, Chiba, & 
Gallagher, 1998; Schoenbaum, Setlow, Saddoris, & Gallagher, 2003). The anterior cingulate 
cortex also projects to the BLA and this projection has been implicated in the acquisition of 
Pavlovian fear conditioning and in memory consolidation of aspects of the aversive stimulus 
(e.g., foot shock) encountered in aversive conditioning (Bissiere et al., 2008; Bussey, Everitt, 
& Robbins, 1997; Malin & McGaugh, 2006). 
 
1.2 Outputs of the amygdala 
As mentioned above, the medial division of the central nucleus of the amygdala (CEm) sends 
efferent projections to a variety of hypothalamic and brain stem nucleï that control behavioral, 
physiological and endocrine fear responses (Davis, 2000). Some of the major anatomical 
targets of the CEm are depicted in Fig. 3. These include (1) the lateral hypothalamus, which 
mediates sympathetic activation, such as increases in heart rate, blood pressure, pupil dilation 
and the expression of the galvanic skin response (GSR), (2) the periacqueductal gray, which 
controls the expression of the freezing response typically observed during Pavlovian fear 
 
 
Figure 3. Some anatomical targets of the central nucleus of the amygdala and the 
behavioral and physiological reactions they mediate. GSR, Galvanic Skin Response. 
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conditioning, (3) the parabrachial nucleus, which mediates respiratory changes during fear  
and anxiety and (4) the paraventricular nucleus of the hypothalamus, which is involved in the 
release of corticosteroids during stress. 
In addition to these sites involved in behavioral and physiological control, the CE also 
projects to the locus coeruleus and the magnocellular basal nucleus, which in turn send, 
respectively, widespread noradrenergic and cholinergic projections to the neocortex (Bouret, 
Duvel, Onat, & Sara, 2003; Everitt, Cardinal, Hall, Parkinson, & Robbins, 2000). Via its 
projections to the locus coeruleus and magnocellular basal nucleus, the amygdala is in a 
position to excite the cortex and enhance attention to behaviorally relevant stimuli (Bouret & 
Sara, 2005; Han, Holland, & Gallagher, 1999; Whalen, Kapp & Pascoe, 1994). 
Finally, the CE projects to the ventral tegmental area and substantia nigra (pars 
compacta), which in turn project to the nucleus accumbens and dorsal striatum. Via these 
outputs the amygdala mediates approach behavior and conditioned orienting responses in 
appetitive Pavlovian conditioning preparations (Everitt et al., 2000).  
 
2. The role of the amygdala in Pavlovian fear conditioning  
 
2.1 Pavlovian fear conditioning 
In Pavlovian fear conditioning, a form of classical or Pavlovian conditioning, a neutral 
stimulus, such as a light or a tone, is followed by an aversive stimulus, typically a foot shock 
(Maren, 2001). Through its association with the shock (unconditioned stimulus, US), the 
neutral stimulus becomes a conditioned stimulus (CS) and will evoke fear responses 
(conditioned responses, CRs). The CRs are species-specific defensive behaviors; in the rat the 
most prominent response is behavioral immobility, called freezing (Blanchard & Blanchard, 
1969; Blanchard & Blanchard, 1972). 
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2.2 The amygdala and fear conditioning 
The amygdala mediates Pavlovian fear conditioning (Kim & Jung, 2006; Maren, 2001; Phelps 
& LeDoux, 2005, for reviews). This involvement is demonstrated by the effects of lesions of 
the amygdala on auditory fear conditioning in rats. Electrolytic lesions of the LA, made before 
fear conditioning, greatly reduce conditioned freezing to the CS (Amorapanth, LeDoux, & 
Nader, 2000; LeDoux, Cicchetti, Xagoraris, & Romanski, 1990; Nader, Majidishad, 
Amorapanth, & LeDoux, 2001). Physiological CRs, such as increases in arterial blood 
pressure during the CS, are also affected by LA lesions (LeDoux et al., 1990). Lesions of the 
CE also interfere with fear conditioning, but lesions of the BL and BM do not (Nader  et al., 
2001). Importantly, whereas CE lesions block freezing during fear conditioning, they do not 
block post-ejaculatory freezing (Choi & Brown, 2003), which implies that the effect on fear 
conditioning is learning-related and not due to an inability to perform the motor response. 
Lesion studies have also revealed that it is essential for fear conditioning that CS information 
arrives at the LA and that the thalamo-amygdala and thalamocortico-amygdala pathways are 
mutually exchangeable routes for CS information to reach the LA (Romanski & LeDoux, 
1992). Apart from being involved in the acquisition of fear conditioning, the amygdala also 
seems to contribute to the permanent storage of learned CS-US associations. This idea is 
supported by the finding that BLA lesions made 16 months after fear conditioning still 
interfere with the expression of CRs (Gale et al., 2004).  
Temporary inactivation of the amygdala by local drug infusion has also been used to 
study the amygdala’s role in fear conditioning. Infusion of the GABA agonist muscimol into 
the BLA before fear conditioning hinders the expression of conditioned freezing (Muller, 
Corodimas, Fridel, & LeDoux, 1997; Wilensky, Schafe, & LeDoux, 1999). Like lesion 
studies, inactivation studies demonstrate that the amygdala is involved in fear conditioning 
and, in addition, they reveal that neuronal activity in the amygdala is necessary for successful 
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acquisition of fear conditioning. In line with these findings, recordings from single-units in 
the LA during Pavlovian fear conditioning have revealed that LA neurons increase their spike 
firing in response to the CS when the rats learns the CS-US relationship (Maren, 2000; Quirk 
et al., 1995; Repa et al., 2001). Similar plasticity has been reported in the CE (Applegate et 
al., 1982; Pascoe & Kapp, 1985) and there is currently growing evidence that the CE is not 
just a passive relay station for the expression of fear responses, but also a putative site for 
synaptic plasticity (Wilensky et al., 2006). 
In line with the animal literature, case studies of neurological patients with bilateral 
amygdala damage report impairments in the acquisition of conditioned fear responses 
(Bechara et al., 1995; Phelps et al., 1998). Furthermore, functional neuro-imaging studies in 
healthy humans have found that the amygdala is activated during both the acquisition of fear 
conditioning, as well as during the expression of fear responses (Cheng, Knight, Smith, & 
Helmstetter, 2006; Cheng, Knight, Smith, Stein, & Helmstetter, 2003; LaBar, Gatenby, Gore, 
LeDoux, & Phelps, 1998). 
 
3. Amygdalar Event-Related Potentials 
 
3.1 What is an Event-Related Potential? 
An Event-Related Potential (ERP) is an electrical waveform comprised of several positive and 
negative waves, evoked and time-locked to a sensory stimulus (Fig. 4; Coenen, 1995; Handy, 
2005). ERPs are obtained by averaging the electro-encephalogram (EEG) immediately 
following a particular sensory stimulus - usually EEG epochs of 500 ms are used - over a 
large number of stimulus presentations. The waves making up an ERP are called components 
and are named according to their polarity and peak latency; for example, a positive wave with 
an amplitude maximum at 60 ms is labeled P60. When ERPs are triggered by an auditory 
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stimulus they are also referred to as Auditory Evoked Potentials (AEPs). ERPs are 
electrophysiological correlates of sensory information processing and can be used to study 
aspects of cognition, such as attention. In humans, ERPs are recorded from surface electrodes 
placed at the skull and consequently have a poor spatial resolution, although source 
localization techniques exist (Handy, 2005). In laboratory animals, EEG electrodes can be 
placed directly at the cortex or lowered into subcortical structures, thus allowing a precise  
 
Figure 4. Auditory Evoked Potentials (AEPs) recorded from the 
auditory cortex (top), medial geniculate nucleus (middle) and  
inferior colliculus (bottom) in the rat. AEP components are defined  
by their polarity and latency (Meeren, van Cappellen van Walsum, 
van Luijtelaar, & Coenen, 2001).  
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spatial resolution (Meeren, van Cappellen van Walsum, van Luijtelaar, & Coenen, 2001; 
Simpson & Knight, 1993a, 1993b).  
 
3.2 Amygdalar AEPs and the N150 
Amygdalar AEPs have been recorded in rats in a number of studies using the auditory oddball 
paradigm. This paradigm consists of the presentation of one tone with a high probability, 
usually 85%, and the presentation of a second, different, tone with a low probability, usually 
15%. The former tone is called the ‘frequent’, the latter the ‘rare’ or ‘oddball’. Ehlers and 
colleagues have applied the oddball paradigm in rats while recording amygdalar AEPs in 
response to both the frequent and rare tone (Ehlers, Kaneko, Wall, & Chaplin, 1992; Ehlers, 
Wall, & Chaplin, 1991). The AEPs contained a component that started at ~80 ms after 
stimulus onset, peaked at ~150 ms, and ended at ~300 ms, and that will be called N150 
throughout this thesis. This N150 component was much larger in the AEP of the rare tone 
than in that of the frequent tone. Unfortunately, the authors did not report statistics on this 
apparent amplitude difference between the two tones. However, even when an effect for this 
N150 component would be assumed, the results can’t be interpreted straightforwardly, 
because the frequent and rare tone differed not only in their probability, but also in loudness 
(the rare tone was 10-15 dB louder that the frequent tone), which might have confounded the 
results. Furthermore, the authors did not specify the amygdalar nucleus from which recordings 
were obtained.  
 Collins and Paré recorded CS-evoked local field potentials (LFPs) from the lateral 
nucleus of the amygdala (LA) in the cat during fear conditioning procedures, and these LFPs 
also contain a N150 component (Collins & Paré, 2000; Paré & Collins, 2000). Although the 
authors did not report statistical results on this N150, there seemed to be some clear effects of 
the conditioning protocols on the N150. In one study, a differential fear conditioning 
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paradigm was used in which two tones of different acoustic frequencies were presented, one 
of which was consistently followed by a shock delivered to the front paws (CS+), while the 
other was never followed by a shock (CS–) (Collins & Paré, 2000). Interestingly, the N150 
seemed to be much larger in the LFP evoked by the CS+ than in that evoked by the CS–. 
Furthermore, this increase on CS+ trials disappeared during an extinction protocol that was 
carried out after the conditioning protocol. Interestingly, single LA units, recorded 
simultaneously with the LFPs, seemed to increase their firing rates during the presence of the 
N150.There was indeed a moderate increase in firing probability related to the N150 
component (D. Paré, personal communication). A N150 was also observable in CS-evoked 
LFPs presented in another study by Collins and Paré, yet, again no statistics with regard to 
this N150 were presented, nor was this component discussed by the authors (Paré & Collins, 
2000). Instead of a single tone, a brief series of tones was used as a CS in this study. When 
this tone series was followed by a foot shock, the N150 was especially large towards the end 
of the series. In contrast, the N150 was small during a pre-conditioning habituation protocol in 
which the tone series was presented alone. Thus, in both studies by Collins and Paré, a N150 
component was observed and in both studies it seemed to be especially large during 
conditioning trials that were followed by an aversive foot shock. This suggests a sensitivity of 
the N150 to fear conditioning.  
 
4. Goal of the thesis 
 
4.1 General objective 
The goal of this thesis was to gain more insight into the functional significance of the N150 
component that is present in electrophysiological recordings from the amygdala in rats and 
cats (Collins & Paré, 2000; Ehlers et al., 1991, 1992; Paré & Collins, 2000). Given the lack of 
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statistical results concerning this N150 in earlier studies, the present thesis was undertaken as 
an effort to overcome this hiatus in the literature. Although a N150 was observable in LFPs 
recorded during fear conditioning procedures in the cat, there are, remarkably, no studies 
investigating the effects of fear conditioning on amygdalar AEPs in the rat. In the present 
thesis, Pavlovian fear conditioning experiments were conducted in the rat, the most commonly 
used experimental animal in the fear conditioning literature, to determine the effects of this 
type of conditioning on the N150. In addition, the aim of this thesis was to search for 
variables that affect the amplitude of the N150 in the course of conditioning. When such 
variables are found, they can considered to be determining factors in the evocation of the 
N150 and, consequently, provide information about the functional process reflected by the 
N150. 
 
4.2 Specific questions addressed by individual studies 
The experiment reported in Chapter 2 of this thesis aimed to determine whether the effects of 
differential fear conditioning on the N150 in the cat, that seemed to be present in the study by 
Collins and Paré (2000), are also present in the rat. This study was, to the best of my 
knowledge, the first to investigate the effects of Pavlovian fear conditioning on the N150 from 
the rat amygdala. Furthermore, this study also intended to provide a statistical analysis of the 
effects of fear conditioning on the N150. The results of this study showed that there was a 
profound N150 in the CS-evoked AEPs, as was predicted. This N150 was significantly larger 
immediately after fear conditioning than during a pre-conditioning habituation protocol. Also, 
the amplitude of the N150 decreased in the course of an extinction protocol (isolated CS 
presentations) that was carried out after the conditioning. The latter finding is in line with the 
amplitude reduction that was observable during extinction in the cat (Collins and Paré, 2000). 
No difference was found in N150-amplitude between CS+ and CS– trials.  
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The experiment reported in Chapter 3 was designed to test the anticipation hypothesis 
of the N150. According to this hypothesis, the increase of the N150 during Pavlovian fear 
conditioning is related to the animal’s anticipation of the upcoming foot shock. Such an 
interpretation was suggested by several findings. First, in the study by Collins & Paré (2000), 
the N150 increased selectively on the CS+ trials that announce the foot shock US. Second, this 
enhancement disappears during extinction procedures in which the CS is presented alone 
(Chapter 2; Collins & Paré, 2000). Third, the N150 increases most strikingly towards the end 
of a series of tones that predict the delivery of a foot shock (Paré & Collins, 2000). In order to 
test the anticipation hypothesis, an experiment was performed in which a series of six tones 
signaled the delivery of a foot shock. However, this was only the case when the series was 
presented alone; when a visual stimulus preceded the tone series, then the administration of 
the shock was cancelled. If the N150 is related to the rat’s anticipation of the shock, then its 
amplitude should be large during the trials on which the tone series was followed by a shock, 
and small during trials on which the visual stimulus announced that shock administration was 
cancelled.  
The studies reported in Chapters 2 and 3 indicated that any stimulus presented to an 
animal engaged in Pavlovian fear conditioning will evoked a large N150, regardless of 
whether or not there is a contingency between that particular stimulus and the administration 
of a foot shock. These results suggest that the enhancement of the N150 during aversive 
conditioning protocols might be attributable to a state of emotional arousal that is induced by 
these protocols. The experiment reported in Chapter 4 was  designed to test the arousal 
hypothesis of the N150. In order to proof that the presence of emotional arousal is a sufficient 
condition for the enhancement of the N150, rats received unrelated presentations of a tone and 
a shock. This procedure, known as unpaired or pseudoconditioning, induces a state of 
emotional arousal. If the N150 is evoked by all stimuli that are presented to an animal that is 
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in a state of arousal, then the N150 should be increased during this unpaired protocol. Two 
additional groups of rats were subjected to either presentations of the tone alone, or standard 
fear conditioning trials (tone-shock pairings). It was hypothesized that the N150 would also be 
enhanced in the latter group, but not the former, because arousal was only induced in the fear 
conditioning protocol. Furthermore, it was hypothesized that the groups subjected to paired 
and unpaired presentations of the tone and shock would exhibit an equally large N150 
increase, since emotional arousal, and not the predictive value of the tone, is the determining 
factor for this enhancement. 
The study reported in Chapter 5 addressed the question of whether or not the 
enhancement of the N150 is specific to conditioning protocols involving negative emotional 
arousal, or whether this enhancement is also manifest during conditioning procedures 
accompanied by positive affect. To answer this question, an appetitive Pavlovian conditioning 
procedure was employed that consisted of the presentation of a tone (CS) followed by the 
delivery of a food pellet (US). Food-deprived rats were subjected to this protocol while CS-
evoked AEPs were recorded from the LA.  
 
4.3 General discussion of the results 
In Chapter 6 the main results of the experimental studies presented in this thesis are outlined 
and discussed. An overview is given of how the results fit with the anticipation hypothesis and 
the arousal hypothesis of the N150. A detailed picture of factors influencing the N150 is 
sketched, with particular emphasis on the influences of state arousal (a tonic factor) and the 
arousal response (a phasic factor). Also, an overview is given of how the N150 in the existing 
literature relates to these aspects of arousal. Finally, a series of experiments are proposed that 
should further establish the influence of these two dimensions of arousal on the N150, as well 
as a number of other factors that are likely to influence the amplitude of the N150. 
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Chapter 2 
Slow late component in conditioned stimulus-evoked 
potentials from the amygdala after fear conditioning 
in the rat 
 
Knippenberg, J.M.J., van Luijtelaar, E.L.J.M., Maes, J. H. R.  
Neural Plasticity, 9(4), 262-272 
 
 
Abstract 
Male Wistar rats were subjected to a differential Pavlovian fear conditioning procedure in 
which one of two tones (6 or 10 kHz) was followed by an electric shock (CS+) and the other 
was not (CS–). Before and after fear conditioning, we recorded the evoked potentials elicited 
by CS+ and CS– from electrodes aimed at the lateral nucleus of the amygdala. Before 
conditioning, a slow, negative component with peak amplitude around 150 ms was present in 
the evoked potentials. This component was sensitive to habituation. After fear conditioning, 
both CS+ and CS– elicited the same late component, albeit with a larger amplitude. This 
enhancement was temporary: a decreasing amplitude was observed in the course of CS test 
presentations under extinction. Previous research revealed a comparable slow component in 
the amygdala of the cat under similar experimental conditions. The collective results indicate 
that the large late component in the amygdala is enhanced by fear conditioning, suggesting 
that such enhancement reflects the anticipation of a biologically significant event. 
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Introduction 
 
Over the past decades, animal studies have outlined the neural circuitry involved in fear 
conditioning (see LeDoux, 1995, 2000; Maren, 2001, for reviews). Auditory fear conditioning 
is a form of Pavlovian conditioning in which a tone, the conditioned stimulus (CS), is 
followed by an electric shock, the unconditioned stimulus (US). After several CS-US pairings, 
the animal has learned that the presence of the CS predicts the US. This predictive 
relationship is reflected in the ability of the CS to evoke a conditioned response (CR) like 
freezing (for example, Fanselow, 1989). 
The amygdala is a key structure of the neural circuitry underlying fear conditioning.  
Sensory information about the CS reaches the amygdala via a direct thalamic and an indirect 
thalamo-cortical route. Both the thalamic and cortical projections terminate in the lateral 
nucleus of the amygdala (LA) (LeDoux et al., 1991). From the LA, information is passed to 
the central nucleus of the amygdala, which in turn sends efferent projections to several 
hypothalamic and brainstem nuclei that produce the behavioral, physiological, and endocrine 
responses characteristic of fear (Veening et al., 1984). The thalamic route is believed to 
perform a ‘quick and dirty’ type of stimulus analysis, whereas the cortical inputs provide the 
LA with more detailed information about the stimulus at hand. Based on the thalamic inputs, 
the organism rapidly initiates defensive responses, which can subsequently be continued or 
ceased when cortical information confirms or disconfirms the presence of threat, respectively. 
More recently, neurophysiological studies have examined how fear conditioning 
affects processing of the CS by the lateral amygdala (Collins & Paré, 2000; Hennevin et al., 
1998; Maren, 2000; Quirk et al., 1995; Rogan et al., 1997; Tang et al., 2001). Single-cell 
recording studies of LA neurons found an increase in firing rate to the CS as a result of 
auditory fear conditioning (Hennevin et al., 1998; Maren, 2000; Quirk et al., 1995). Evoked 
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potentials (EPs) to the CS, recorded from the lateral nucleus, exhibit an increase in the 
amplitude of an early negative component as a result of fear conditioning (Collins & Paré, 
2000; Rogan et al., 1997; Tang et al., 2001). This early negative component reflects local 
rather than volume-conducted activity, because the component has a temporal overlap with 
the unit activity of LA neurons recorded with the same electrode in both the rat (Rogan & 
LeDoux, 1995) and the cat (Collins & Paré, 1999, 2000). Furthermore, the enhancement of 
this component is believed to reflect an endogenous form of long-term potentiation that 
underlies fear conditioning, and a step-by-step account of the cellular processes that 
underlying this potentiation has recently been given (Blair et al., 2001). 
Far less attention has been given to the late components of EPs elicited by the CS. 
Using cats as subjects, Collins and Paré recorded certain notable late components in EPs from 
the LA to the CS after fear conditioning (Collins & Paré, 2000) and in an anticipatory fear 
paradigm (Paré & Collins, 2000). Furthermore, in rats, Kuniecki et al. (2002) observed a late 
EP component after fear conditioning in recordings from the central amygdaloid nucleus, 
which was interpreted in relation to simultaneously recorded decelerations in heart rate.  
Given the lack of data on late EP components from the LA in rats, the present study 
 recorded CS-elicited EPs from the LA of rats before and after differential auditory fear 
conditioning. Differential fear conditioning involves the presentation of a tone (CS+) that is 
followed by a shock and another tone that is not (CS–). Importantly, in the present study, the 
acoustic frequencies of the CS+ and CS– were counterbalanced, which is crucial in view of 
robust findings demonstrating differences in EP component amplitudes and in single-cell 
response amplitudes, as a function of acoustic frequency of the stimulus (for example, Bordi 
et al., 1993; Collins & Paré, 2000). 
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Experimental 
 
Animals 
Thirteen male Wistar rats, weighing 250 to 280 g each at the time of surgery, were housed 
in pairs in standard laboratory cages with ad libitum access to food and water. The rats 
were maintained on a 12-h light-dark cycle with lights off at 07.00; the experiments were 
conducted during the dark phase of the cycle. All animals were experimentally naive. The 
animal ethics committee of the University of Nijmegen approved the experimental 
procedures. 
 
Electrode implantation 
General anaesthesia was induced and maintained through the administration of gaseous 
isoflurane. The head was fixed in a stereotaxic instrument and its position was adjusted until a 
flat skull position was obtained. The rat was placed on a heat pad to prevent hypothermia and 
an injection of atropine sulfate (0.1 mL, i.m.) was given at the beginning of surgery. The 
screw of the ground electrode was attached to the skull overlying the cerebellum. More 
anterior, another screw was fixed to the skull for later attachment of a strip connector. The 
lateral nucleus of the right amygdala was located at the following stereotaxic coordinates: 
anterioposterior –3.60 mm, mediolateral –5.40 mm, and dorsoventral –7.80 mm (Paxinos & 
Watson, 1998). A reference electrode was implanted into the cerebellum. After implantation, 
the electrodes were assembled in the strip connector and the connector was embedded with 
dental acrylic cement. The skin was sutured and the animal was placed under a heating lamp 
in its home cage until it awoke from the anesthesia. Animals were housed individually after 
surgery and given a recovery period of at least 1 week.  
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Apparatus 
The EEG recording and conditioning took place in an experimental box (50 × 25 × 45 cm) 
consisting of two compartments. Each compartment had a grid floor made of stainless steel 
bars. The box was placed inside a cage of Faraday (110 × 70 × 130 cm) and the rat’s behavior 
could be observed through a window at the back of the cage. A button-box was used to 
register different behavioral categories simultaneously with the ongoing EEG. Background 
white noise was presented through a loudspeaker located approximately 80 cm above the grid 
floor of the experimental box. The presentation of auditory stimuli was controlled by an AEP 
Stimulus Generator, which was connected to an audio amplifier. A shock scrambler controlled 
the delivery of an electric shock through the grid floor of the box and a shock interrupter was 
used during post-conditioning recording to switch off the ongoing EEG shortly before the 
delivery of a reinstatement foot shock (see Experimental procedure). Immediately after the 
shock, the EEG was switched on again and stabilized rapidly. The rat’s behavior was recorded 
during conditioning with a black and white video camera for off-line quantification. 
 
EEG recording 
The rats were connected to a recording cable that could rotate by means of a swivel, allowing 
the animals to move freely. Signals from the active electrodes were fed into differential 
amplifiers together with the signal from the reference electrode. A potential difference was 
measured between the output signal of the differential amplifier and the signal from the 
ground electrode. The analogue signal was amplified 5000 or 10000 times and band-pass 
filtered with high-pass and low-pass filters set at 1 and 500 Hz, respectively. The amplified 
and filtered signal was sampled at 1024 Hz. WinDaq (DATAQ Instruments, Inc.) software 
was used for data acquisition.  
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Experimental procedure 
Pre-conditioning. The first phase consisted of a single session. Each rat was placed 
 inside the experimental box and connected to the recording equipment. Background white 
noise (70 dB) was used to mask irrelevant laboratory sounds. The rat was first given 30 min to 
explore the novel environment, after which the EEG recording was initiated. A 6-kHz tone 
and a 10-kHz tone were repeatedly presented during the session. Except for acoustic 
frequency, the tones had the same stimulus parameters: both had a rise and fall time of 10 ms, 
a 5-s duration, and a loudness of 80 dB. Each tone was presented 200 times; the inter-stimulus 
interval varied randomly between 8 and 12 s (average: 10 s). The tones were presented in a 
random order, with the restriction that no more than two consecutive tones had the same 
frequency. Presentation of all 400 stimuli took about 1 h, after which the rat was disconnected 
from the recording cable and returned to its home cage.  
Conditioning. During the conditioning sessions (the first of which was initiated 90 min 
after the pre-conditioning session), 2 rats were placed inside the experimental box, separated 
from each other by vertical stainless steel bars. Conditioning thus took place in pairs. The rats 
stayed in the experimental box for 15 min before the initiation of the conditioning trials. The 
rats then received a differential tone-conditioning schedule, using the tones from the pre-
conditioning session. One tone was paired with a foot shock (CS+); the other was not (CS–). 
For Group 1, the CS+ was the 6-kHz tone and the CS– was the 10-kHz tone; for Group 2 this 
relation was reversed. The US, which was presented at CS+ termination, had an intensity of 
0.5 mA and a duration of 0.5-s. A 3-min (range: 2.5 to 3.5 min) variable inter-trial interval 
was used. The presentation of the tones was semi-random: no more than two consecutive 
tones were of the same frequency. Each conditioning session consisted of 10 CS+ and 10 CS– 
presentations, with each animal receiving 3 sessions. The interval between the first and second 
session was 45 min; the interval between the second and third session was 17 h.  
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Post-conditioning. This phase was identical to the pre-conditioning phase, except for 
the use of a reinstatement procedure (for example, Bouton & Bolles, 1979). Specifically, a 
single shock was presented after an average of 20 (range: 15-25) CS+ and CS– presentations, 
with a 3-min mean interval between termination of the CS and onset of the US (range: 2.5 to 
3.5 min). The purpose of the separate US presentations was to counteract extinction, without 
presenting any novel CS-shock conditioning trials.  
 
Statistical analysis 
Conditioned responding to the CS+ and CS– was indexed by the time (in seconds) that each rat 
spent freezing during these stimuli. Freezing was defined as the absence of all visible 
movement, except that required for respiration and a pendulum motion of the head (for 
example, Maes & Vossen, 1993). The presentation of a CS was marked by a visual signal on 
the video images. The mean freezing times to the CS+ and CS– were calculated for each 
session and subjected to a repeated-measures analysis of variance (ANOVA), with Session (1, 
2, or 3) and CS Type (CS+ or CS–) as within-subject factors, and Group (1 or 2) as a between-
subject factor. 
Two types of analysis were performed on the electrophysiological data. The first 
analysis focussed on the pre-conditioning EP components as a function of the frequency of the 
auditory stimulus. This analysis took into account that, in rats, the amplitude of auditory EP 
components depends on the behavioral and vigilance state of the animal (Meeren et al., 2001). 
Therefore, only those CSs included into the calculation of EPs were those that had occurred 
during a neutral behavioral and vigilance state, namely passive wakefulness. During the EEG 
recording, a rat's behavior was classified as either active or passive and the behavioral score 
was registered in a separate channel in Windaq. A CS was included in the analysis if two 
conditions were met: the presence of an EEG characteristic of passive wakefulness and a 
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passive behavioral score. All other CSs were excluded from the analysis. This analysis only 
used the EP data from the last 30 CS+ and CS– pre-conditioning trials, to preclude any novelty 
effect that is potentially associated with the initial CS+ and CS– presentations. 
For the second type of analysis, the pre- and post-conditioning EEG was divided into 
4 blocks of 50 CS+/CS– presentations. Only CSs presented during EEG artifacts and spike-
wave discharges, a form of epileptic activity found in many rats strains, were removed. All 
other CSs were included, except those eliciting a distorted EEG response during periods of 
deep sleep. The analyses performed on these data were repeated measures ANOVAs, with CS 
Type (CS+ or CS–), Block (for example, Block 1 or Block 4), or Phase (pre- or post-
conditioning) as within-subject factors, and Group (1 or 2) as a between-subject factor.  
The latencies of the EP components were corrected for the time-lag for the auditory 
CS to reach the tympanic membrane. Based on the distance between the loudspeaker and the 
floor of the experimental box, an air travel time of 3 ms was calculated and, accordingly, 3 ms 
was subtracted from the latencies of all EP components. 
 
Histology 
After the experiment was completed, each rat received an intraperitoneal injection of a high 
dose of sodium pentobarbital. Once the rat was deeply anesthetized, a small electrolytic lesion 
was made at the tip of the recording electrode by passing an anodal direct current of 20 µA 
through the electrode for 15 s. The rats were subsequently perfused intracardially with 
physiological saline followed by a solution of 2% potassium ferrocyanide in 4% 
paraformaldehyde in 0.1 M phosphate buffered saline (PBS). The brains were removed and 
stored overnight at 4 °C in 4% paraformaldehyde in 0.1 M PBS. The next day the brains were 
transferred into a 30% sucrose solution, in which they remained until they had sunk (this took 
4 to 5 days). Coronal sections of 40 µm were made with a freezing microtome and slices 
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containing a piece of the lesion were stained with cresyl violet. The site of the lesion was 
recognizable as a blue dot, which enabled a microscopic localization of the electrode tip. 
 
Results 
 
Electrode placements 
Six of the 13 rats were excluded from data analysis, either because of incorrect electrode 
placement, or because of a disproportionate high level of EEG artifacts. The electrode aimed 
at the LA was located in or slightly dorsal to the LA in four of the remaining seven rats. In the 
remaining three rats, the electrode was positioned somewhat medial or dorsal to the LA, but 
within 0.6 mm of its anatomical boundaries. 
 
Conditioning 
Figure 1 depicts the discrimination performance of the two groups across the three 
conditioning sessions. The repeated-measures ANOVA on the freezing times from the seven 
rats included in the analysis (n = 3 for Group 1 and n = 4 for Group 2) revealed a main effect 
of CS type (F1,6 = 17.49, p < .01), reflecting overall more freezing to CS+ than to CS–. 
However, the interaction between CS type and Group was also significant (F1,6 = 13.93, p < 
.05), reflecting the fact that the rats in Group 1 froze significantly longer in response to the 
CS+ (mean: 3.9 ± 0.2 s) than they did to the CS– (mean: 2.3 ± 0.2 s; F1,2 = 42.32, p < .05), 
whereas there was no significant difference in the corresponding freezing times (means 2.9 ± 
0.3 s and 2.8 ± 0.3 s, respectively) for the rats in Group 2 (F1,3 = 0.10, p > .05). This pattern of 
results is identical to that performed on the behavioral data of all 13 subjects. 
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 Figure 1. Groups' mean time spent freezing in response to the CS+ and the CS– in each 
conditioning session. (A) Data of Group 1 (n = 3). (B) Data of Group 2 (n = 4). Error 
bars correspond to standard errors of the mean. 
 
Evoked Potentials 
The acoustic frequency of the CS had a striking effect on the amplitude of EPs. The 10-
kHz tone elicited EPs of considerably larger amplitude than did the 6-kHz tone. The impact 
of acoustic frequency can easily be appreciated in Fig. 2, in which the pre-conditioning EPs 
(averaged across the two groups) are depicted for each acoustic frequency. Repeated 
measures ANOVAs, with acoustic frequency as factor on the data, revealed a significant 
effect of acoustic frequency for all components, with the 10-kHz tone eliciting a larger 
amplitude than did the 6-kHz tone. Statistics for components N24, P38, N57 and P82 are 
F1,6 = 13.97, p = .01; F1,6 = 19.46, p < .01; F1,6 = 14.02, p = .01; F1,6 = 8.20, p < .05, 
respectively.  
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 Figure 2. Pre-conditioning EPs from the amygdala for the 
6- and 10-kHz tones (n = 7). 
 
A late, slow, and large negative component was present in the EPs from the LA after  
conditioning. In each subject, this component was present in EPs to the CS+ and the CS– and 
was also present before conditioning, albeit generally at smaller amplitudes. This component 
started at about 80 ms and ended around 300 ms, reaching its peak around 150 ms and was, 
therefore, labeled N150. Pre- and post-conditioning EEGs were divided into 4 blocks of 50 
CS+/CS– presentations and the EPs were made per block. A Group × CS Type × Block 
ANOVA on the amplitude of the N150 as observed in Blocks 1 and 4 of the pre-conditioning 
phase, revealed a significant main effect of block (F1,5 = 12.69, p < .05), reflecting a decrease 
in N150 amplitude from Block 1 (mean amplitude: -71.2 µV) to Block 4 (mean: -28.9 µV). 
The Group × CS Type interaction was also significant (F1,5 = 6.86, p < .05), but subsequent 
simple main effect analyses failed to detect significant differences between and within groups 
(all ps > .1). All remaining main and interaction effects were also not significant (Fs <1). 
The N150 peak amplitudes of Block 1 of the pre-conditioning phase were compared  
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with the amplitudes of Block 1 of the post-conditioning phase using a Group × CS Type × 
Phase repeated-measures ANOVA. This analysis revealed a main effect of Phase (F1,6 = 
48.73, p = .001), reflecting larger post-conditioning than pre-conditioning amplitudes (see Fig. 
3). The analysis also detected a significant interaction between phase and group, 
 
Figure 3. Pre- and post-conditioning EPs from the amygdala as evoked by  
the CS+ and CS– in the first 50-trial block of each phase. (A) and (B) depict,  
respectively, the CS+- and CS–-EPs of Group 1 (n = 3). (C) and (D) depict, 
respectively, the CS+- and CS–-EPs of Group 2 (n = 4). 
 
reflecting a main effect of Phase in Group 1 (F1,2 = 112.89, p < .01), but not in Group 2 (F1,3 = 
4.24, p > .1). All other main and interaction effects were not significant (ps > .08). An 
ANOVA comparing Block 4 of the pre-conditioning phase with Block 1 of the post-
conditioning phase again revealed a main effect of Phase (F1,5 = 492.62, p < .001), which was 
also found with a separate ANOVA for Group 1 (F1,2 = 332.09, p < .01) and Group 2 (F1,3 = 
141.38, p < .01). 
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Figure 4 shows the EPs of each 50-trial block of the post-conditioning phase. A Group 
× CS Type × Block ANOVA on the N150 peak amplitudes revealed only a main effect of 
Block (F3,15= 24.9, p < .01; other ps > .09). Subsequent tests of within-subjects contrasts 
revealed a significant difference between Block 1 and later blocks (F1,5 = 64.6, p < .01), 
reflecting the decrease in amplitude across non-reinforced CS presentations, which was most 
marked from Block 1 to Block 2. 
 
 
Figure 4. Post-conditioning CS+- and CS–-EPs from the amygdala in 50-trial 
blocks. (A) and (B) depict, respectively, the CS+- and CS–-EPs of Group 1 
(n = 3). (C) and (D) depict, respectively, the CS+- and CS–-EPs of Group 2 
(n = 4). 
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Discussion 
 
Nature of the N150 
The major finding of this study is the enhancement of a large late component (the N150) in 
response to both the CS+ and the CS– after differential fear conditioning in all subjects. An 
important question is what does this component reflect? Some hints as to its meaning come 
from studies performed by Collins and Paré (2000), who found a similar late component in 
field potentials recorded in the cat LA. Collins and Paré also found a late negative wave 
having a peak latency comparable to the 150 ms observed in the present study, after 
differential fear conditioning in EPs to the CS+. Although this component was also present in 
EPs to the CS–, it was enhanced substantially only in CS+-EPs and only after conditioning. In 
another study (Paré & Collins, 2000), anticipation of a shock was induced by presenting series 
of six tones, interrupted by a brief period of silence between the fourth and fifth tone, 
followed immediately by a foot shock. Physiological measurements indicated that the cats 
anticipated the shock during the silent period and that anticipation was maximal during the 
last two tones. Evoked potentials to each of the six tones contained a late N150-like 
component, with the amplitude being increased substantially during the last tone before the 
shock. 
The results obtained by Collins and Paré, and our own results, suggest that the observed 
late component is susceptible to the anticipation of an aversive event, such as an electric 
shock. Both their and our data show that the amplitude of this late component increases when 
a tone-shock association is formed and decreases when this association is extinguished. These 
findings give way to an interpretation of the N150 in terms of anticipation of the electric 
shock. The late component observed in the present study, however, was also present in the 
pre-conditioning phase, at least initially, and decreased across pre-conditioning trials. 
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Moreover, in their anticipatory fear study, Paré and Collins (2000) also detected this 
component in a control condition receiving a tone-series that was never followed by a shock. 
What the N150 reflects in these cases remains to be determined. But nevertheless, we did 
observe a significant enhancement of the N150 after conditioning, which is in accordance 
with the claim that this component is related to US anticipation.  
In the present study, a N150 was also present in EPs of the CS–, which seems to be at odds 
with an anticipation hypothesis because this stimulus was not followed by shock. 
Nevertheless, this result could be explained by the phenomenon of stimulus generalization: 
the rats responded to the CS+ and the CS–, implying the presence of at least some anticipation 
of shock after the latter stimulus. The relatively high conditioned freezing in response to the 
CS– in both groups supports this interpretation. Group 2 even completely failed to show 
differential freezing to the two types of CS.  
The present study used a reinstatement procedure in the post-conditioning phase, with  
the aim of preventing extinction of previously formed associations. As the N150 decreased in 
the course of the post-conditioning phase, we must conclude that extinction did occur, at least 
electrophysiologically, despite such manipulation. Apparently, extinction was so strong that it 
could not be counteracted by occasional reinstatement trials. 
A direct neuronal index of the anticipation of an aversive stimulus was obtained by 
Quirk et al. (1997). In this study, CS-elicited single-cell activity was recorded in areas of the 
auditory cortex that project to the LA. After fear conditioning (namely, during extinction 
trials), cortical unit activity as a response to the CS increased progressively from 800 ms 
before the time that the US had been presented during conditioning until exactly the time 
corresponding with the US presentation time during conditioning. This late response can 
therefore be interpreted as reflecting US anticipation. Interestingly, this response disappeared 
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completely after bilateral lesions of the amygdala (Armony et al., 1998). Whether and how 
these findings relate to the present study must be established.  
 
Origin of the N150 
In this, and several other studies (Collins & Paré, 2000; Kuniecki et al., 2002; Paré & Collins, 
2000), a late EP component was recorded in the amygdala. Studies simultaneously recording 
single-cell activity and EPs using the same electrode have demonstrated that early negative 
and positive EP components correspond with respective increases and decreases in LA unit 
activity (Collins & Paré, 1999, 2000; Rogan & LeDoux, 1995). In contrast, the late negative 
component of interest here is accompanied by only a modest increase in LA unit firing (D. 
Paré, personal communication, 2002). Therefore, it seems unlikely that LA firing activity 
alone can account for the late component found in amygdala recordings. In the present study, 
EPs were recorded simultaneously in the auditory cortex. In these EPs, both to the CS+ and 
CS–, a late negative component was also present after fear conditioning. Compared with the 
amygdaloid component, this cortical component started earlier, but reached its peak amplitude 
at a similar latency. This suggests a cortical source of, or contribution to, the late component 
registered in amygdala EPs. Future studies should clarify the possible involvement of the 
(auditory) cortex, for example, by means of cortical single-cell recordings, perhaps combined 
with lesions of the amygdala. At present though, the neural generator of the N150 cannot be 
identified with certainty. 
 
Early EP components 
The first negative component of EPs from the amygdala had an average latency of 24 ms. This 
time is close to the average latency of 25 ms reported by Quirk et al. (1995) for the responses 
of individual LA neurons to auditory stimulation in the pre-conditioning phase. In mice, Tang 
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et al. (2001) found a negative CS-EP component with a mean peak latency of 24.5 ms, which 
increased as a result of fear conditioning. Other studies have reported a latency of 18.5 ms for 
the first negative wave of field potentials recorded in the lateral nucleus of the rat (Rogan et 
al., 1997; Rogan & LeDoux, 1995). Despite the longer latency of the early component found 
in the present study in comparison with the latter studies, the polarity of the waves and the 
general architecture of the EPs did not differ from the auditory EPs found by Rogan et al. and 
by Collins and Paré (2000). Therefore, we can assume that this component reflects local 
amygdaloid unit activity and that fear conditioning should enhance its amplitude. However, 
such an enhancement was not found, which may be due to the low number of animals on 
which the analysis was based and on the learning deficit observed for the rats in group 2. 
 
Effects of acoustic frequency 
A robust finding was that the 10-kHz tone elicited EPs of considerably larger amplitude than 
did the 6-kHz tone. Bordi et al. (1993) examined the response magnitude of individual LA 
neurons to tones of different acoustic frequencies in the rat. So-called frequency-modulated 
(FM) tones were used: tones with a certain centre acoustic frequency and a range of ± 2.5 
kHz. FM tones with a centre frequency of 5 kHz elicited weak responses from LA neurons, 
whereas 10-kHz FM tones elicited strong responses. This may explain the observed difference 
in amplitude between EPs to the 6- and 10-kHz CSs. However, Collins and Paré (2000) 
reported that in the LA of the cat, 10-kHz tones resulted in smaller EPs than did 5-kHz tones. 
 
Polarity of the N150 
Recently, Kuniecki et al. (2002) also found a late component in the amygdala after differential 
fear conditioning in the rat. This component had a positive voltage and correlated with CS+-
elicited decelerations in heart rate. The latency is comparable to the latency in the present 
39 
 
study and other studies (Collins & Paré, 2000; Paré & Collins, 2000). It seems likely that the 
same component was registered in all these studies, but that its polarity is sometimes inverted, 
perhaps depending on the specific recording techniques (e.g., monopolar vs. bipolar, location 
of reference electrode). Future studies should address this issue.  
 
Conclusion 
In conclusion, a large late component was present after fear conditioning in CS-evoked EPs 
from the rat's amygdala and auditory cortex. The data presented here add to previous data 
suggesting that this component, at least in part, reflects anticipation of a biologically 
significant event, as induced in conditioning procedures.  
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Abstract 
The hypothesis was tested whether the amygdalar N150 of rats, a slow, negative component in 
the event-related potential from the lateral amygdala, is sensitive to a state of anxious 
anticipation. A conditioning procedure was applied in which a series of six auditory stimuli 
was followed by a shock when presented alone, but not when the auditory stimuli were 
preceded by a visual stimulus. Heart rate recordings confirmed that the auditory stimulus train 
induced a state of increasing anticipatory fear and that this condition was modulated by the 
visual stimulus. During behavioral training, a N150 appeared in the amygdalar event-related 
potential evoked by the auditory stimuli, replicating previous findings. However, the 
amplitude of the N150 was not affected by whether or not the visual stimulus had been 
presented before. These results failed to support the idea that that the N150 is related to the 
expectancy of an aversive event. An alternative interpretation, emphasizing the increase in 
arousal and attention that is inherent to aversive learning, is discussed. 
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Introduction 
 
Currently, a large amount of research is devoted to the neural mechanisms underlying 
Pavlovian fear conditioning. Convincing evidence indicates that the amygdala plays a critical 
role in the conditioning of fear in both humans and animals (Kim & Jung, 2006; Phelps & 
LeDoux, 2005). The lateral nucleus of the amygdala is the sensory component of the intra-
amygdalar circuitry and neurons in this nucleus are responsive to auditory stimulation (Bordi 
& LeDoux, 1992; Bordi, LeDoux, Clugnet, & Pavlides, 1993; Collins & Paré, 1999). When 
an auditory stimulus is used as a conditioned stimulus (CS) during fear conditioning, these 
neurons increase their spike firing in response to the onset of the CS (Collins & Paré, 2000; 
Goosens, Hobin, & Maren, 2003; Hennevin, Maho, & Hars, 1998; Maren, 2000; Paré & 
Collins, 2000; Quirk, Armony, & LeDoux, 1997; Quirk, Repa, & LeDoux, 1995; Repa et al., 
2001; Rorick-Kehn & Steinmetz, 2005). In addition, studies that recorded evoked potentials 
from the lateral amygdala have demonstrated that fear conditioning enhances an early 
component of these CS-triggered waveforms (Rogan, Stäubli, & LeDoux, 1997; Tang et al., 
2001; Tang, Wagner, Schachner, Dityatev, & Wotjak, 2003). The early latency of this 
component is compatible with the latency at which lateral amygdalar neurons exhibit 
conditioned increases in firing rates (Rogan & LeDoux, 1995). 
In contrast with the vast amount of work on early responses, only a few studies have 
addressed late electrophysiological responses of the amygdala. Previously, we have found a 
large, negative wave in CS-evoked event-related potentials (ERP) from the lateral amygdala 
during fear conditioning the rat (Knippenberg, van Luijtelaar, & Maes, 2002). This late ERP 
component peaked around 150 ms and was therefore named N150. We found this N150 in a 
differential fear conditioning paradigm in which one tone was followed by a shock (CS+), 
whereas another tone was not (CS–). ERPs elicited by both the CS+ and CS– contained a N150 
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of large amplitude after fear conditioning compared to baseline recordings made before 
conditioning. Furthermore, there was a progressive decrease in N150 amplitude when the 
EEG registration was made during an extinction procedure.  
 Although we previously described and discussed the nature of this N150 (Knippenberg 
et al., 2002), others seem to have recorded a N150 as well. In one particular study, single-cell 
activity and local field potentials were recorded with one and the same electrode from the 
lateral amygdalar nucleus in the cat (Collins & Paré, 2000). The field potentials, also elicited 
in a differential fear conditioning paradigm, contained a negative wave that peaked around 
150 ms. Moreover, this N150 seemed to be larger in response to the CS+ than in response to 
the CS– and, just as in our study, an amplitude reduction was observable during extinction. In 
another study by the same authors, a paradigm was applied in which a train of six auditory 
stimuli was followed by a foot shock, also in cats (Paré & Collins, 2000). Blood pressure 
measurements indicated that during the series of tones the animals were in a state of 
increasing anticipatory fear for the upcoming shock. ERPs were elicited by each tone in the 
train and it is of particular interest that the N150 increased substantially in the ERP of the 
sixth tone. This strongly suggests that the N150 was influenced by the gradual increase in 
anticipatory fear. The amplitude decrement during extinction is also consistent with the idea 
that the anticipation of a noxious event is a critical determinant of the N150.  
The present study tested whether a state of anticipatory fear is indeed the key to the 
enhancement of the N150 observed in previous studies. We designed the study in such a way 
that the manifestation of anticipatory fear came under experimental control. Fear conditioning 
was carried out with a series of six, identical, sequentially presented auditory stimuli (instead 
of a single auditory CS), since an earlier study in cats demonstrated that this type of 
stimulation is capable of inducing anticipatory fear (Paré & Collins, 2000). The amount of 
evoked anticipatory anxiety was modulated by the introduction of a second stimulus, which 
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signaled whether the auditory stimuli would be followed by a shock or not. This type of 
learning is referred to as ‘occasion setting’ (see Schmajuk & Holland, 1998; Swartzenruber, 
1995, for reviews). In occasion setting, a stimulus referred to as the feature (X), determines 
whether or not a second stimulus, the target (A), is followed by an unconditioned stimulus 
(US). In feature-negative protocols, the feature indicates that the target will not be followed 
by the US. For our purposes, we used such a feature-negative procedure: the target (the train 
of auditory stimuli) would be followed by a foot shock if presented alone (A+), but not when 
preceded by the feature (X´A-; see figure 1). A visual stimulus was used as the feature, as 
the conditioning literature reports facilitated acquisition when the feature and the target are of 
different sensory modalities (Swartzenruber, 1995). ERPs were recorded in response to the 
auditory stimuli of the target train. Heart rate was recorded in order to verify the development 
of anticipatory responses. In addition, conditioned suppression of lever pressing for food 
reward was used as a behavioral measurement of fear. The conditioning protocol should make 
the animal’s emotional responding to A dependent upon the presence or absence of X. A 
benefit of this paradigm is that it enables us to register ERPs from stimuli that differ in their 
emotional consequences, but are physically identical. We hypothesized that if the 
enhancement of the N150 is related to a state of anticipatory fear, the expression of this 
enhancement should be restricted to A+ trials and remain absent on X´A- trials, since these 
latter trials do not evoke anticipatory fear.  
 
Method  
 
Animals and surgery 
Ten male Wistar rats, with an average body weight of 431 ± 11 g, served as subjects. The 
animals were bred at the department of Biological Psychology of the Radboud University 
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Nijmegen. Prior to surgery, animals were housed in pairs in standard laboratory cages with ad 
libitum access to food and water. Rats were kept on a reversed 12-h dark-light cycle (lights off 
at 07:00 AM). All animals were experimentally naive. The animal ethics committee of the 
Radboud University Nijmegen approved all procedures used in this experiment. 
Surgery was performed during isoflurane inhalation anesthesia. Rats were placed in a 
stereotaxic instrument and given atropine sulfate (0.1 ml, im). Rectal temperature was 
controlled by a self-regulating heating pad and kept at 37 °C throughout surgery. A tripolar 
stainless steel electrode (type MS333/2a, Plastics One, Roanoke, VA) was used for recording 
EEG. The active wire was aimed at the right basolateral complex of the amygdala. Stereotaxic 
coordinates were derived from the atlas of Paxinos and Watson (1998) and were 3.60 mm 
posterior, 5.20 mm lateral and 8.30 mm ventral relative to bregma. The remaining two wires 
served as reference and ground and were placed over the cerebellum. A bipolar electrode 
(type MS303/71, Plastics One, Roanoke, VA) consisting of two coil spring wires insulated 
with silicon rubber was used for recording heart rate. The wires were placed subcutaneously 
on the flanks. Both electrodes were fixed to the skull with dental acrylic cement and screws 
placed at several locations on the skull provided additional support. After surgery, animals 
were housed individually and given a recovery period of one week. After recovery all rats 
were handled on various occasions in order to accustom them to the experimenters.  
 
Apparatus and (electro)physiological recording 
All behavioral procedures and (electro)physiological recordings took place in a group of eight 
identical Skinnerboxes. Each box measured 25 x 25 x 40 cm and was placed inside a sound-
attenuating chamber. The front and back walls of the boxes were made of clear Plexiglas. The 
right side wall and floor were made of 3-mm stainless steel rods spaced 1.4 cm apart center-
to-center. During training, a scrambled foot shock (US), could be passed through the grid 
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floor. The left wall was made of aluminum and contained a food magazine (5 x 4 x 5 cm) in 
the midline position at 2 cm above the grid floor. Lever presses were rewarded with 45-mg 
precision food pellets during the experiment. A green light was turned on in the food 
magazine upon delivery of a pellet. This light turned off automatically when the rat retrieved 
the pellet from the magazine. The left side wall also contained two LEDs located 7 cm to the 
left and right of the midline and 8 cm above the grid floor. These LEDs consisted of arrays of 
8 x 8 individual LEDs that produced a green light. Seven cm to the left and right of the 
midline were two speakers which were used for presenting the target stimulus. On each side 
of the wall a lever was located 2 cm below the LED. Only the right lever was present during 
training; the left lever was always retracted into the wall. All (electro)physiological signals 
were recorded using WINDAQ/Pro (DATAQ Instruments, Akron, OH). EEG was filtered 
between 1 and 500 Hz, ECG between 10 and 100 Hz. Both EEG and ECG were sampled at 
1024 Hz.  
 
Experimental procedures 
Lever press training. After recovery from surgery animals were food deprived until body 
weights matched 85% of pre-surgical weights. Animals were then trained to press a lever on a 
variable interval schedule of 60 s. During conditioning, suppression of lever pressing activity 
was used as a behavioral index of fear in addition to the physiological measure obtained by 
heart rate. In the first stage of lever press training, animals learned to retrieve food pellets 
from the magazine during two training sessions on two consecutive days. During each session 
10 food pellets were delivered automatically at a 3-min mean interval (range 2-4 min) with no 
levers present in the Skinnerbox. Subsequently, the actual lever press training started. During 
two sessions, every press was followed directly by a reward (30 rewards per session). In 
subsequent sessions, lever presses were rewarded according to a variable interval (VI) 
48 
 
schedule, starting with a VI of 8 s (VI8). The VI’s were gradually increased during subsequent 
sessions until VI60. All rats were given at least three VI60 training sessions.  
Baseline ERP registration. Baseline ERPs were obtained after completion of lever press 
training. Rats received 100 presentations of the stimulus that would be used as the target 
during the occasion-setting phase. The target was a series of six identical bursts of white 
noise. Each burst lasted 50 ms, had a rise and fall time of 10 ms and an intensity of 85 dB. 
Inter-burst interval was 4 s. With this interval the target lasted 20.3 s in total, which is long 
enough to measure conditioned suppression of lever pressing (Amorapanth, Nader, & 
LeDoux, 1999). Furthermore, at this interval sensory gating of ERP components is absent 
(Knight, Brailowsky, Scabini, Simpson, 1985). There were no levers present in the 
Skinnerbox during the baseline ERP registration. 
 
 
Figure 1. Occasion-setting protocol. On A+ trials, the target (A), which was a 
 series of six auditory burst stimuli (vertical lines) was followed by a shock. On 
X´A- trials, A was preceded by a visual stimulus (the feature, X) and there  
never followed a shock. 
 
Occasion setting. The right lever was inserted and the VI60 schedule started as soon as all rats 
were placed in the boxes. The first trial was presented after five minutes of undisturbed lever 
pressing. Trial presentations were independent of the ongoing VI60 reinforcement schedule. 
As noted above, the target (A) was a series of six noise bursts. A visual stimulus served as the 
feature (X). X consisted of the left and right LED flashing simultaneously at a rate of two 
flashes per second during a period of 10 s. The target was always followed by shock when 
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presented alone (A+), but never when preceded by the feature (X´A-; see figure 1). On A+ 
trials, A was followed by a 0.5-mA, 0.5-s scrambled foot shock. The shock was administered 
0.5 s after the last (sixth) burst of the target. On X´A- trials there was a 1-s interval between 
the offset of X and the onset of A. During each session, 15 A+ and 15 X´A- trials were 
presented at an inter-trial interval of 3 min (range of 2.5-3.5 min) and no more than two 
consecutive trials were of the same type. The target was presented with 1-s intervals between 
the noise bursts during early training sessions and this interval was gradually increased to a 4-
s interval. In this way, rats learned that the series of noise bursts belonged to one and the same 
stimulus. Five minutes after the last trial, the lever was retracted and the rats were returned to 
their home cages. Training was continued until differential heart rate responding to A+ and 
X´A- was observed. On average ~30 training sessions were required to reach adequate levels 
of performance (range: 24-36 sessions).  
Extinction. Conditioning was followed by a single extinction session consisting of 50 A+ and 
50 X´A- trials. Presentations of A alone were no longer followed by foot shock. No more 
than two consecutive trials were of the same type and trials were presented at a 30-s variable 
interval (range 25-35 s). No levers were present in the Skinnerbox. 
 
Histology 
Rats were anesthetized with a high dose of sodium pentobarbital (ip). Then, a small 
electrolytic lesion (20 µA, 15 s) was made at the tip of the recording electrode. Rats were 
subsequently perfused with saline followed by a solution of 2% potassium ferrocyanide in 4% 
paraformaldehyde in 0.1 M phosphate buffer (pH = 7.3). Potassium ferrocyanide reacts with 
iron deposits left at the electrode tip after electrolytic lesioning. This causes the electrode tip 
to become visible as a blue dot. Brains were removed and fixated in paraformaldehyde. 
Coronal sections were taken with a microtome and slices containing the electrode track were 
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stained with cresyl violet. The stereotaxic atlas of Paxinos and Watson (1998) was used to 
determine the anatomical locations of the electrode tips. 
 
Data processing 
Conditioned suppression of lever pressing was assessed by calculating a suppression ratio 
(SR) for each trial according to the formula: SR = CS / (preCS + CS), in which CS denotes the 
number of presses made during A (20.3-s period) and preCS denotes the number of presses 
made in the same period before A (for A+ trials) or X (for X´A- trials). Mean suppression 
ratios were obtained for A+ and X´A- trials separately and subjected to statistical testing. 
 Heart rate was calculated on the basis of the R wave of the QRS-complex. Software 
running in Labview determined the time between two successive R waves and calculated how 
many of these periods would fit in one minute, thereby producing a raw beats-per-minute 
(BPM) value for each recorded sample. Raw BPM values were then averaged across 0.25-s 
time spans and these values constituted the program’s output. 
Brain Vision Analyzer (Brain Products GmbH, Munich, Germany) was used for ERP 
averaging. The raw EEG was inspected manually prior to averaging. Trials presented during 
the following conditions were excluded from averaging: (i) EEG artifacts, (ii) slow-wave 
sleep (SWS periods were present during the baseline EEG registration and highly affect ERP 
amplitudes (Coenen, 1995), (iii) spike-wave discharges (transient epileptic activity present in 
many rat strains (Coenen & van Luijtelaar, 2003) and (iv) reward delivery (reward delivery 
produced a sound which could interfere with the noise stimuli). EEG following noise bursts 
presented during the remaining conditions was segmented, baseline corrected and averaged. 
ERPs were quantified by obtaining peak amplitudes and latencies.  
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Results 
 
Histology 
Three rats were excluded from the analyses because of inaccurate electrode positions. Another 
rat had to be excluded because of poor ERP responses. Of the remaining six rats, five had 
electrode placements in or on the borders of the lateral nucleus of the amygdala. In one rat the 
electrode position could not be verified due to electrode loss prior to perfusion. However, the 
waveform of the ERP from this rat was identical to that from rats with correct placements and 
therefore this animal was included into the analyses as well.  
 
Task acquisition 
All statistical analyses were performed on data obtained at the completion of behavioral 
training (i.e., the last three sessions of conditioning). For all statistical tests the level of 
significance was set at .05. There was no significant difference between the two trial types in 
the amount of evoked conditioned suppression (t(5) = -1.89, p = .12). The mean suppression 
ratio’s for A+ and X´A- trials were 0.25 ± 0.04 (mean ± SEM) and 0.32 ± 0.07, respectively. 
However, analysis of heart rate did indicate differential responding (see figure 2). A repeated-
measures ANOVA with Trial Type (two levels) and Inter-Burst Interval (five levels) as 
within-subject factors was performed. For Inter-Burst Interval, the last BPM value of every 
inter-burst interval (the 4-s silence between two consecutive noise bursts) was used. As 
expected, the ANOVA revealed a significant Trial Type × Inter-Burst Interval interaction 
(F(4,20) = 21.8, p < .01). Furthermore, linear trends were used to describe cardiac responses 
over the period of interest (the presentation of A). As can be seen in figure 2, the heart rate 
responses to A+ and X´A- assumed the form of ascending trends across the six auditory 
stimuli. These general increases were represented by a significant linear trend (F(1,5) = 46.3,  
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 Figure 2. Heart rate during the presentation of A+ and X´A- 
at the end of behavioral training (n = 6). Dotted vertical lines  
indicate onset and offset of the feature (X), solid vertical lines  
indicate the onsets of the individual auditory stimuli of the  
target (A).  
 
p < .01) for Inter-Burst Interval. The pace of changes over time was clearly different for A+ 
versus X´A- trials, with A+ producing a much faster heart rate acceleration. This difference 
proved to be significant over a linear trend (F(1,5) = 24.2, p< .01) in a Trial Type × Inter-
Burst Interval interaction. Each of the six auditory stimuli seemed to evoke a small, transient 
bradycardia that was superimposed on the general increase in heart rate (see figure 2). This 
was the case for both A+ and X´A- trials. 
 
N150 
The amplitude of the N150 in each experimental phase is shown in figure 3. During the 
occasion-setting phase there was no difference in N150 amplitude between A+ and X´A- 
trials (t(5) = -0.89, p = .21). The corresponding Grand Averages are shown in figure 4. Since 
heart rate analyses indicated that the difference in anxious anticipation was most prominent 
towards the end of the stimulus train, the N150 could be expected to differentiate maximally  
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 Figure 3. Mean amplitude ± SEM of the N150 in the different 
 experimental phases (Pre refers to the pre-conditioning phase, 
Oc. Set. A+ and Oc. Set. X´A- refer to the corresponding trials 
of the occasion-setting phase and Ext. A+ and Ext. X´A- refer 
to the corresponding trials of the extinction phase; n = 6). 
 
at this moment. Therefore, separate comparisons for each of the last three noise bursts were 
performed, but these also failed to reveal significant differences between A+ and X´A- trials 
(ps > .05). There was thus no direct support in favor of the anticipation hypothesis of the 
N150, although the Grand Averages (figure 4) suggested that the return rate of the N150 from 
its peak value towards the baseline was different for the two trial types. A comparison of the 
area amplitude in this time range (130-450 ms poststimulus) confirmed this impression (t(5) = 
-9.78, p < .01).  
There were effects of the different experimental phases on N150 amplitude (figure 3). 
First, the N150 was significantly larger in the conditioning phase than in the pre-conditioning 
phase (t(5) = 2.33, p < .05). For this comparison the amplitudes of the two trial types in the 
conditioning phase were pooled, since only isolated targets (no features) were presented in the 
pre-conditioning phase and there was no difference between the trial types during  
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 Figure 4. Grand Averages of the pre-conditioning phase and 
of A+ and X´A- trials in the occasion-setting phase (n = 6).  
 
conditioning. As can be seen in figure 4, the N150 was marginally present in the pre-
conditioning phase. The difference between the pre-conditioning and conditioning phase is in 
line with previous results (Knippenberg et al., 2002). Second, a repeated measures ANOVA 
using Trial Type (A+ or X´A-) and Phase (Conditioning or Extinction) as within-subject 
factors revealed a significant main effect of Phase (F = 6.7, p < .05), but no main effect of 
Trail Type or interaction (Fs < 1). Thus, in the extinction phase the N150 was smaller than 
during conditioning and this effect was present on both trial types. This also confirms results 
of our earlier study. No difference in N150 amplitude was observed between A+ 
(nonreinforced presentations) and X´A- trials in the extinction phase (t(5) = .87, p  = .42) 
and there was no difference between the pre-conditioning and extinction phase (t(5) = 1.19, p 
= .29; again the trial types during extinction were pooled for comparison with the pre-
conditioning phase).  
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Discussion 
 
The present experiment was designed to test the hypothesis that a state of anticipatory fear is a 
critical determinant of the amplitude of the N150, a late component of the ERP from the 
amygdala that we described in a previous study in the rat (Knippenberg et al., 2002). Heart 
rate responses clearly demonstrated that our conditioning protocol was successful in inducing 
anticipatory fear. This protocol was adapted from a study in cats (Paré & Collins, 2000). The 
current results show that the critical element of this procedure, the presentation of a train of 
six auditory stimuli followed by a shock, is a powerful tool for evoking anticipatory fear in 
rats as well. Furthermore, heart rate followed a different course during A+ and X´A- trials, 
indicating that the feature (X) had gained control over the animal’s response to the series of 
auditory stimuli (the target, A). Interestingly, during both A+ and X´A- trials, each 
individual noise burst of the train seemed to evoke a small bradycardia that was superimposed 
on the gradual increase in heart rate (see figure 2). In humans, such transient bradycardias are 
generally believed to reflect basic stimulus registration (Unrug et al., 1997).  
In contrast to heart rate, our behavioral measure - the suppression of ongoing lever 
pressing - failed to reveal differential responding to A+ and X´A-. Although a number of rats 
displayed significant differential responding in some sessions, this performance was not stable 
across sessions. A possible explanation for the lack of systematic results in the conditioned 
suppression data might be found in the relatively high cognitive task demands during the 
target presentations. These high demands may have left little resources over for the operant 
behavior and this may have caused a generalized suppression of lever pressing. An alternative 
explanation might be that the suppression ratio measure is not sensitive enough to separate 
moderate from strong anticipatory fear. Since heart rate is a direct correlate of autonomous 
nervous system activity, changes in heart rate are likely to reflect strong emotions such as fear 
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and are less likely to be sensitive to interference by the higher cognitive processes of the task 
demands. 
 Although our conditioning protocol elicited differential levels of anticipatory fear on 
A+ and X´A- presentations, the amplitude of the N150 did not differ in these two conditions. 
A differential effect was absent in both the ERPs of the entire stimulus train, and in the 
separate ERPs of each of the last three tones, at which time differences in anticipatory fear 
could clearly be identified by heart rate. These results failed to support the anticipation 
hypothesis of the N150, although the area amplitude of the N150 indicated a slower return of 
the N150 towards baseline (0 µV) on A+ trials. 
An alternative interpretation of the conditions that evoke a N150 draws upon changes 
in arousal and attention that occur in fear conditioning procedures. The central nucleus of the 
amygdala is part of a system that controls increases in arousal and attention seen in a variety 
of emotional tasks (both appetitive and aversive), including fear conditioning (Holland & 
Gallagher, 1999; Kapp, Whalen, Supple, & Pascoe, 1992). Although differential levels of 
anticipatory fear on A+ versus X´A- trials were evident in the present study, both trials 
caused an increase in heart rate, indicating that the animals were aroused by both trial types. 
This could suggest that, once a stimulus is arousing to a certain extent, the N150 is 
automatically generated at large amplitudes. Also moderately arousing stimuli, such as the 
X´A- trials, trigger the expression of the N150. Since arousing stimuli are likely to capture 
the focus of attention, a role for attention in the modulation of the N150 seems plausible as 
well.  
 In both the present and our previous study, the N150 was largely absent in the grand 
average ERP of the pre-conditioning EEG registration. Since in this phase of the experiment 
the stimulus trains were presented without consequences, it is unlikely that the stimuli were 
emotionally arousing or received much attention. In accordance with this view, the N150 
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component that was observable in studies by others had only moderate amplitudes in naïve 
cats (Paré & Collins, 2000) or in cats that received extinction training on the previous day 
(Collins & Paré, 2000).  
Previous studies have also recorded long-latency ERP components from the amygdala 
during various behavioral paradigms in the rat. One study reports on a negative potential, 
peaking at approximately 100 to 150 ms after stimulus onset, in response to a 100-dB startle 
stimulus (Slawecki, Walpole, Purdy, & Ehlers, 2000). The fact that the evoking stimulus was 
a highly arousing unconditioned stimulus suggests that arousal is an influencing factor for this 
potential. A N150 of comparable morphology has also been observed in the auditory oddball 
paradigm (Ehlers, Wall, & Chaplin, 1991). This component had a much larger amplitude in 
response to the target tone than in response to the standard tone, suggesting some sensitivity 
to attentional modulation. A positive ERP component peaking around 150 ms after stimulus 
onset has been observed during auditory differential fear conditioning in response to both the 
CS+ and CS– (Kuniecki, Coenen, & Kaiser, 2002). The recordings in this particular study were 
made in the central amygdalar nucleus. Switches in the polarity of field potentials across the 
different amygdalar nucleï have been previously described (Collins & Paré, 1999). A 
comparable positive component has been obtained in an active oddball paradigm in which the 
target tone was followed by a food reward (Ehlers, Somes, Lopez, & Robledo, 1998). 
Interestingly, this component decreased when the target was no longer reinforced during 
extinction. This latter study however, did not specify the amygdalar nucleus from which the 
ERPs were obtained. Collectively, these studies provide converging evidence for the view that 
arousal and attention are main determinants of the N150 amplitude. 
Apart from this support from the ERP literature, an arousal-attention hypothesis of the 
amygdalar N150 also seems to be in line with contemporary views on amygdala function. 
There is evidence that the amygdala participates in a broad variety of learning tasks, ranging 
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from various types of aversive and appetitive conditioning to different kinds of spatial 
learning, all having in common some emotionally arousing component during the training 
experience (McGaugh, 2004). The impact of an emotionally arousing experience on in vivo 
amygdalar activity has been demonstrated in a recent study in cats (Pelletier, Likhtik, Filali, & 
Paré, 2005). Following the administration of a single foot shock, the spontaneous firing rates 
of lateral amygdala neurons increased for up to two hours and this undoubtedly affects the 
response of the amygdala to subsequently presented stimuli. In accordance with the animal 
literature, stimuli that induce emotional arousal are known to activate the amygdala in humans 
as well (LaBar & Cabeza, 2006). Stimuli that are emotionally arousing are likely to draw 
more attention, and, as mentioned earlier, the amygdala plays a role in attentional processes in 
Pavlovian conditioning (Holland & Gallagher, 1999). Thus, the suggestion that the amygdalar 
N150 constitutes an electrophysiological correlate of a process related to arousal and attention 
seems plausible in the light of the current literature on amygdala function. 
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Chapter 4 
Influence of emotional arousal on the N150 of the 
Auditory Evoked Potential from the rat amygdala 
 
Knippenberg, J.M.J., Maes, J.H.R., Coenen, A.M.L., van Luijtelaar, G. 
Acta Neurobiolgiae Experimentalis, 69, 109-118 
 
 
Abstract 
This study tested whether a general increase in emotional arousal is a sufficient determinant 
for the evocation of the N150, a negative wave in amygdalar Auditory Evoked Potentials 
(AEPs). Rats received one of three conditioning protocols: either conditioned stimulus (CS) 
presentations alone (Control), CS-shock pairings (Paired), or unpaired presentations of the CS 
and shock (Unpaired). Amygdalar AEPs were recorded in response to the CS. It was 
hypothesized that if a state of emotional arousal is a sufficient condition for the manifestation 
of the N150, its amplitude should be enhanced in the Paired and Unpaired conditions relative 
to the Control condition, which was indeed found. In addition, it was found that the N150 had 
a larger amplitude in the Paired than in the Unpaired condition. This suggests that an 
additional N150 increase is established when animals learn the CS-US association. The results 
are discussed in relation to literature on amygdala function. 
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Introduction  
 
It is widely accepted that the amygdala plays a key role in the acquisition and expression of 
Pavlovian fear conditioning and in the general increase in arousal accompanying this and 
other types of emotionally arousing experiences (McGaugh, 2004; Schafe et al. 2005; 
Wilensky et al. 2006). Most neurophysiological research focuses on short-latency (15-25 ms) 
responses of amygdalar neurons to auditory conditioned stimuli (CSs) that predict the shock 
(unconditioned stimulus, US) during fear conditioning in rats (see Maren & Quirk, 2004, for 
review). In contrast, previous studies in our laboratory have found a much later response in 
the Auditory Evoked Potential (AEP) recorded from the lateral amygdala in the rat 
(Knippenberg et al. 2002, 2008). These CS-evoked AEPs contain a negative wave that reaches 
its peak amplitude at about 150 ms after the onset of the auditory stimulus and is labeled 
N150 accordingly. We have established that the N150 undergoes a profound amplitude 
increase in aversive Pavlovian conditioning procedures, in which a previously neutral auditory 
stimulus is used as a CS that predicts a foot shock, the unconditioned stimulus (US). Other 
studies, also employing aversive conditioning protocols, seem to have recorded a similar 
N150 component in cats, also from the lateral amygdala (Collins & Paré, 2000; Paré & 
Collins, 2000). These studies recorded local field potentials with micro-electrodes that were 
also used for single-unit recordings. However, a quantitative analysis of the N150, or a 
discussion of the functional significance of this component were not provided in these studies.  
 In a recent study, we tested the hypothesis that the N150 is modulated by the 
anticipation of an upcoming shock, as a study in cats suggested that the amplitude of the N150 
might increase with increasing shock anticipation (Paré & Collins, 2000). However, 
manipulations of the degree of shock anticipation did not influence the amplitude of the N150 
(Knippenberg et al., 2008). In fact, all trials, irrespective of whether they induced anticipation 
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or not, elicited a N150. The N150 thus appears to be evoked by all stimuli that are presented 
in stressful learning situations, independent of their contingency with the aversive US. This 
suggests that general increases in emotional arousal that are inherent to fear conditioning 
procedures (Antoniadis & McDonald, 1999, 2000) are responsible for this aselective 
manifestation of the N150. 
The present study tested this ‘arousal hypothesis’ of the N150 by the introduction of 
an unpaired conditioning protocol. In unpaired conditioning, an auditory CS and foot shock 
US are never presented in close temporal proximity. If a large N150 will be evoked by the CS 
in this condition, then this would constitute evidence that the CS-US contingency during 
Pavlovian fear conditioning is not a critical factor in generating the N150. It is important to 
note that in our previous studies the stimuli that signalled the noxious US were always 
presented intermixed with stimuli that signalled the absence of that same US (Knippenberg et 
al. 2002, 2008). It is therefore conceivable that fear conditioned to the shock-paired stimuli 
generalized to the stimuli that were not explicitly paired with shock. The fact that some 
emotional response was also elicited by the safe stimuli in these studies supports this 
generalization notion. The present study explicitly disentangled the influence of general 
increases in arousal from the influence of a learned CS-US association by using a between 
subject design. Three experimental groups were used: (1) a paired conditioning group 
receiving a standard fear conditioning procedure (‘Paired’), (2) an unpaired conditioning 
group in which the CS and US were presented independently (‘Unpaired’), and (3) a control 
condition with CS presentations only (‘Control’). We expected that the amplitude of the N150 
would be enhanced in both the Paired and Unpaired condition relative to the Control 
condition, since increases in emotional arousal are present in the former conditions (due to the 
shock presentations), but not in the latter. Heart rate was recorded in order to assess the 
65 
 
emotional value of the CS in each of the three conditioning protocols (Knippenberg et al. 
2008). 
 
Method 
 
Animals and surgery 
A total of 27 male Wistar rats, bred at the Department of Biological Psychology of the 
Radboud University Nijmegen, were used as subjects. At the time of surgery, rats were ten 
months old and weighed 310-470 g. Nine rats were assigned to each experimental condition. 
Rats were housed in pairs and had ad libitum access to food and water. During the last three 
days preceding surgery, rats were handled daily for 2 min. Surgery was performed during 
isoflurane inhalation anaesthesia. Atropine sulphate (0.1 ml, im) was administered at the 
beginning of surgery in order to reduce salivary secretion. Temperature was controlled by a 
self-regulating heating pad throughout surgery. A bipolar electrode consisting of coil spring 
wires insulated with silicone rubber (type MS303/71, Plastics One, Roanoke, VA) was 
applied subcutaneously for ECG measurement (one lead on each flank, 6-cm long wires). A 
tripolar electrode, with wires made of stainless steel and insulated with polymide (Plastics 
One, MS333/2a, Roanoke, VA), was used for EEG recording. The middle wire was aimed at 
the lateral nucleus of the right amygdala. Stereotaxic coordinates were derived from the atlas 
of Paxinos and Watson (1998) and were 3.60 mm posterior, 5.20 mm lateral, and 8.30 mm 
ventral to bregma. The remaining two wires were used for reference and ground and were 
placed over the cerebellum. The electrodes were attached to the skull with dental acrylic 
cement and screws placed at several locations on the skull provided additional support. After 
surgery, the rats were housed individually and given a recovery period of one week. The rats 
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were handled again for 2 min on the last day of recovery. The animal ethics committee of the 
Radboud University Nijmegen gave approval for the procedures used in this study. 
 
Apparatus 
All behavioural procedures were performed in a set of eight identical Skinnerboxes in which 
EEG recordings could be made in freely moving animals. Each box measured 25 x 25 x 40 cm 
and was located inside a sound-attenuating chamber. The front and back walls of the boxes 
were made of clear Plexiglas. The right side wall and floor were made of 3-mm stainless steel 
rods spaced 1.4 cm apart center-to-center. During training, a foot shock (US), could be passed 
through the grid floor. Seven cm to the left and right of the midline of the left side wall was a 
speaker that was used for presenting the CS. The Skinnerbox was cleaned thoroughly with 
70% ethanol after each usage. 
 
Experimental procedures 
Habituation to context The animals were familiarized with the experimental environment by 
placing them in the Skinnerboxes for 1 h on the day before the experiment started. Rats were 
connected to the recording cables in order to habituate them to this part of the protocol as 
well. 
Baseline AEP recording The experiment took place in the course of five consecutive days. On 
the first day, AEPs were obtained prior to the conditioning procedures. The procedure was 
identical for all three groups. Rats received 200 presentations of the stimulus that would serve 
as the CS during the conditioning phase. The stimulus was an 8-s long presentation of white 
noise (85 dB). A rise time of 10 ms was used in order to avoid clicks at stimulus onset. A 
variable inter-stimulus interval of 20 to 40 s was used. The first stimulus was presented 5 min 
after the rat was placed in the Skinnerbox. WINDAQ/Pro (DATAQ Instruments, Akron, OH) 
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was used for recording EEG and ECG. EEG was filtered between 1 and 100 Hz and ECG 
between 10 and 100 Hz. All signals were sampled at 512 Hz. 
Behavioral protocols The actual experimental phase started after the baseline AEP recording. 
This phase was spread out over four days. On each day, rats received 20 presentations of the 
same stimulus used during the baseline AEP recording. This was the case in all three 
experimental conditions. A variable inter-trial interval of 98 to 158 s was used in all groups. 
In the Control condition, only the CS was presented, whereas the CS was always followed by 
a 0.5-mA, 0.5-s foot shock (US) in the Paired condition. The offset of the CS coincided with 
the onset of the US. Finally, in the Unpaired condition, the CS and US were presented in an 
unpaired manner: the US was presented randomly in between the CSs, but not within 10 s 
before or after a CS. Each session started with a US presentation. All protocols were carried 
out in four squads of 6-8 animals, with animals from each condition present in every squad. 
EEG and ECG were recorded as described above.  
 
Histology 
The rats were anaesthetized with an overdose of sodium pentobarbital (ip) after the 
experiment. A small electrolytic lesion (20 µA, 15 s) was made at the tip of the recording 
electrode for later verification of its anatomical position. Rats were then perfused with saline, 
followed by a solution containing 2% potassium ferrocyanide. This substance reacts with iron 
deposits left at the electrode tip after electrolytic lesioning and causes the electrode tip to 
become visible as a blue dot. Brains were removed and fixated in paraformaldehyde. Coronal 
sections were taken with a microtome and slices containing the electrode track were stained 
with cresyl violet. Electrode locations were drawn into the figures of Paxinos and Watson’s 
(1998) stereotaxic atlas. 
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Data analysis 
The recorded ECG was used to assess the emotional value of the CS in each of the three 
conditioning protocols. Conversion of the raw ECG to heart rate (HR) values in beats per 
minute (BPM) was done on the basis of the time between two consecutive R-peaks of the 
QRS-complex. Custom-made software calculated BPM values across 1-s time intervals. HR 
was obtained from 1 sec before until 8 sec after CS onset. CS-evoked changes in HR were 
assessed by calculating HR change during each second of the CS relative to HR in the 1-s pre-
CS period. 
 Brain Vision Analyzer (Brain Products GmbH, Munich, Germany) was used for AEP 
averaging. A 50-Hz notch filter was applied to the raw EEG. CSs presented during EEG 
artefacts, slow-wave sleep and spontaneously occurring spike-wave discharges were excluded 
from AEP averaging. Slow-wave sleep potentiates the amplitude of AEP components 
(Coenen, 1995) and spike-wave discharges reflect epileptic activity (Coenen & van Luijtelaar, 
2003) and were present in some rats. All remaining trials were included into averaging. For 
averaging, the EEG was segmented into epochs ranging from 100 ms before until 1000 ms 
after CS onset. Then, a baseline correction was applied using the pre-CS period as a baseline 
value, after which the segments were averaged. Five AEP components were distinguished and 
named in accordance with their polarity and latency: N25, P40, N60, P80 and N150. The N25, 
P40, N60 and P80 had well-defined peaks and were therefore quantified by their peak 
amplitude. The time windows within which these peak amplitudes were detected were 10-35 
ms (N25), 20-60 ms (P40), 40-80 ms (N60) and 60-100 ms (P80). The N150 was 
characterized by a broad waveform, often having no clear single peak, and was therefore 
quantified as the mean amplitude within the 100-200 ms time window (Handy, 2005). 
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Statistical analyses 
Heart rate and AEP data were initially analyzed with repeated-measures ANOVA and 
additionally with one-way ANOVA when significant interactions asked for separate testing of 
a specific factor. Post hoc comparisons were performed with Least Significant Difference t 
tests. In addition, polynomial contrasts were used to test for the presence of linear and 
quadratic trends in the heart rate and AEP data. The alpha level was set at .05 throughout all 
statistical tests.  
 
Results 
 
Histology 
Histologically verified electrode locations are displayed in Fig. 1. In the Control, Paired, and 
Unpaired conditions there were respectively 7, 5, and 8 rats with successful electrode 
placements in, or in the vicinity of, the lateral nucleus of the amygdala. In six rats the 
electrode position was too far removed from the lateral amygdala and these animals were 
accordingly excluded from statistical analyses. 
 
Verification of behavioral protocols  
Analysis of the heart rate responses to the CS revealed that distinct responses were induced in 
the three experimental conditions (Fig. 2). Repeated measures ANOVA with Second (8 levels, 
one for each second of the CS) as within-subject factor and Condition (3 levels, one for each 
experimental condition) as between-subject factor revealed a significant Second × Condition 
interaction (F14,119=15.18, P<0.01), indicating that different heart rate patterns were evoked by 
the CS in the three conditions. A Second × Condition interaction was also found for the 
polynomial contrasts testing for linear and quadratic trends (F2,17=20.55, P<0.01; F2,17=5.94,  
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 Figure 1. Electrodes positions. Numbers represent anteroposterior  
coordinates in mm, relative to bregma. LA, lateral amygdalar nucleus. 
Atlas plates are adapted from Paxinos and Watson (1998). 
 
P<0.05, respectively), indicating that these trends differed among conditions. An ANOVA 
specifically comparing the Control and Paired conditions revealed a significant interaction 
between these conditions in the linear trend (F1,10=35.66, P<0.01), due to a stronger trend in 
the Paired condition (Fig. 2). There was no difference between these groups with respect to 
the quadratic trend. An ANOVA with the Paired and Unpaired conditions also revealed a 
difference with respect to the linear trend (F1,11=24.78, P<0.01), again due to a more 
pronounced linear trend in the Paired condition. The interaction regarding the quadratic trend 
was at the threshold of significance (F1,11=4.83, P=0.05).  
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 Figure 2. Heart rate responses evoked by the conditioned stimulus (CS). 
Responses during the CS (seconds 1-8) are expressed as change in beats 
per minute relative to heart rate during the last pre-stimulus second (second 
0). In the Paired condition, the CS evoked an acceleration, whereas in the  
Control and Unpaired conditions heart rate first increased slightly, and then 
decreased again. Data are averages across the four days of conditioning. 
 
Auditory Evoked Potentials 
Pre-conditioning phase The amplitude of the N150 decreased with the repeated presentation 
of the CS in the pre-conditioning phase; this was evident by obtaining an AEP of each block  
of 20 trials (Fig. 3). Repeated measures ANOVA found a main effect of Block (F9,153=13.59, 
P<0.01) and Condition (F2,17=9.02, P<0.01), but no interaction. Post hoc comparisons showed 
that the N150 had larger amplitudes in the Paired condition compared to both the Control 
condition (P<0.05) and the Unpaired condition (P<0.01). The contrasts testing for linear and 
quadratic trends detected a significant linear (F1,17=50.94, P<0.01) and quadratic (F1,17=21.01, 
P<0.01) trend in the amplitudes of the N150 across the ten Blocks. Importantly, these trends 
did not interact with Condition, which indicates that they were equally present in all three 
conditions.  
The earlier AEP components, N25, P40, N60 and P80, were also subjected to 
polynomial contrasts testing for the presence of (decreasing) linear and quadratic trends.  
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 Figure 3. N150 amplitude across blocks of 20 trials in the pre-conditioning 
AEP recording. Animals are already divided into groups according to the  
behavioral condition to which they were assigned after the pre-conditioning 
phase (Control, Paired and Unpaired conditions). A significant amplitude 
reduction was observed in all three conditions. Negative amplitudes are  
depicted upwards. Error bars represent SEM. 
 
There were no trends in the N25 amplitudes. A linear trend was found for the P40 (F1,17=7.10, 
P<0.05) and N60 (F1,17=7.52, P<0.05). Quadratic trends were present in the N60 (F1,17=9.11, 
P<0.01) and P80 (F1,17=8.40, P<0.05) amplitudes.  
Conditioning phase Fig. 4 shows the Grand Average AEPs across the four experimental days 
for each of the three conditions and Fig. 5 depicts the N150 amplitude on each the four 
experimental days. Repeated measures ANOVA using the data depicted in Fig. 5 revealed a 
main effect of Condition (F2,17=20.71, P<0.01) and Day (F3,51=3.50, P<0.05), as well as an 
interaction (F6,51=3.76, P<0.01). This interaction prompted the use of 1-way ANOVAs testing 
for a Condition effect on each of the four experimental days. These analyses revealed a 
significant effect of Condition on experimental Day 2 (F2,17=12.68, P<0.01), Day 3 
(F2,17=10.74, P<0.01) and Day 4 (F2,17=27.04, P<0.01), but not on Day 1. Post hoc 
comparisons for each of Days 2-4 revealed that on each of these days the N150 was larger in  
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 Figure 4. Grand Average AEPs across the four days of conditioning 
for each condition separately. Arrow indicates CS onset. Note that the 
N150 was larger in the Paired and Unpaired conditions compared to 
the Control condition. The N150 was also larger in the Paired condition 
compared to the Unpaired condition.  
 
 
Figure 5. Mean amplitude (± SEM) of the N150 on each  
conditioning day for conditions Control, Paired and Unpaired.  
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the Paired condition compared to both the Control condition (Ps<0.01) and the Unpaired 
condition (Ps≤0.05), and that the N150 was also larger in the Unpaired condition relative to 
the Control condition (Ps≤0.05). Since the N150 was also larger in the Paired condition than 
in the Control and Unpaired conditions in the pre-conditioning phase, we included the 
amplitude of the N150 at the beginning of the pre-conditioning phase (i.e., in the 1st block) as 
a covariate in the above mentioned ANOVA of the conditioning phase data. This analysis 
revealed that the main effect of Condition was still significant (F2,16=17.68, P<0.01) and could 
thus not be attributed to differences in N150 amplitude in the pre-conditioning phase.  
The N25, P40, N60 and P80 components were also tested for Block and Condition 
effects using repeated measures ANOVA. The N25 amplitude was significantly different 
between the three conditions (F2,17=6.33, P<0.01) and post hoc analyses revealed that the 
amplitude was larger in the Paired condition compared to both the Control (P<0.01) and 
Unpaired (P<0.01) conditions (Fig. 6A). There was no effect of Condition for the P40  
 
Figure 6. Mean amplitudes (± SEM) of the N25 (A), N60 (B) and P80 (C) component 
on each experimental day for conditions Control, Paired and Unpaired. Amplitudes of  
the N25 and N60 are displayed with negative values upward.  
 
component. The N60 did differ between conditions (F2,17=6.74, P<0.01) and this Condition 
effect interacted with Day (F6,51=2.67, P<0.05). Separate 1-way ANOVAs for each 
experimental day revealed that this interaction was caused by significant group differences on 
Day 1 (F2,17=3.81, P<0.05) and Day 4 (F2,17=13.15, P<0.01), but not on Days 2 and 3 (Fig. 
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6B). Post hoc analyses revealed that on Day 1 the N60 was larger in the Control condition 
than in the Unpaired condition (P<0.05) and that on Day 4 the amplitude was larger in the 
Paired condition compared to both the Control (P<0.05) and Unpaired (P<0.01) condition. 
Furthermore, on Day 4 the N60 was also larger in the Control condition compared to the 
Unpaired condition (P<0.01). The analysis of the P80 amplitude yielded a main effect of Day 
(F3,51=4.51, P<0.01) and a Day × Condition interaction (F6,51=2.74, P<0.05), but no effect of 
Condition. The interaction reflected a significant Condition effect on Day 4 (F2,17=8.05, 
P<0.01; 1-way ANOVA), but not on any of the other days (Fig. 6C). On Day 4 the P80 was 
larger in the Control condition compared to the Paired condition (P<0.05), and also larger in 
the Unpaired condition compared to the Paired condition (P<0.01). 
 
Discussion 
 
The present study tested whether a general increase in emotional arousal that accompanies 
aversive conditioning influences the amplitude of the N150, a late component of the AEP 
from the rat amygdala (Knippenberg et al. 2002, 2008). It was hypothesized that such a 
generalized aroused state causes the N150 to increase in amplitude. The present results 
support this ‘arousal hypothesis’ of the N150, but also indicate that additional factors play a 
role. The significant difference in N150 amplitude between the Control and Unpaired 
condition implies that simply inducing emotional arousal by the administration of unsignalled 
foot shocks is a sufficient condition for the enhancement of the N150. This indicates that the 
N150 is sensitive to emotional arousal per se and confirms the arousal hypothesis. The fact 
that the N150 was larger in the Paired condition compared to the Unpaired condition reveals 
that apart from general increases in arousal, learning-related factors also influence the N150. 
This latter effect was not anticipated, since we assumed that only increases in arousal levels, 
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and not the CS-US contingency, would affect the N150. Apparently, when animals learn the 
CS-US association in a fear conditioning experiment this causes an additional increase in 
N150 amplitude on top of the already enhanced amplitude relative to the emotional neutral 
situation of the Control condition.  
 The decrease of the N150 in the pre-conditioning phase might also be in line with an 
arousal hypothesis of the N150. After all, the finding that the N150 is largest early in the pre-
conditioning recording might be related to general increases in arousal that are present during 
the first encounters with a novel stimulus. After the animal has learned that the stimulus has 
no relevant consequences, it gradually stops paying attention to it and the initial emotional 
arousal subsides, causing a parallel progressive decrease in N150 amplitude. In humans, such 
correlations between the level of arousal and the response magnitude to a stimulus have been 
reported. For instance, VaezMousavi et al. (2007) recently established that the strength of the 
Orienting Response (OR) to a stimulus, as measured with phasic changes in Skin 
Conductance Levels, is directly related to the level of arousal at the time of stimulus 
presentation, with higher levels of arousal evoking larger ORs. 
A number of other studies have also recorded AEPs from the amygdala in rats and 
these AEPs often also contain a negative wave that reaches its peak amplitude at around 150 
ms (Ehlers et al. 1992; Robledo et al. 1995; Ehlers et al. 1997; Slawecki et al. 2000). 
Interestingly, this 150-ms component is especially large when evoked by a 100 dB auditory 
startle stimulus (Ehlers et al. 1997; Slawecki et al. 2000). This indicates that this N150 
component is easily evoked by highly arousing sensory stimuli. Slawecki et al. have tested the 
effect of allopregnanolone on the AEP from the rat amygdala. Allopregnanolone is a 
neurosteroid derived from progesterone that enhances the activity of the GABAA receptor by 
positive allosteric modulation (Puia et al. 1990; Twyman & Macdonald, 1992; Rupprecht, 
2003) and has anxiolytic effects in animals (Brot et al. 1997; Reddy & Kulkarni, 1997). 
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Moreover, it has recently been found that allopregnanolone is most effective in causing 
anxiolytic effects when infused directly into the amygdala (Engin & Treit, 2007). Slawecki et 
al. found that systemic administration of allopregnanolone in rats completely suppressed the 
amygdalar N150 component in AEPs evoked by a 100-dB startle stimulus. This suggests that 
when rats are less anxious, stimuli that would normally arouse the animal are now processed 
differently and this is reflected in a reduction of the N150 AEP component. These results 
seem to be in line with the finding of the present study that the N150 was smallest in the 
emotionally neutral Control condition, in which rats were supposedly not anxious.  
 Components with latencies and polarities similar to the N25, P40, N60 and P80 
reported in the present study have been found in a number of other studies that recorded AEPs 
from the rat amygdala (Ehlers et al. 1992; Robledo et al. 1995; Ehlers et al. 1997; Slawecki et 
al. 2000). This indicates that one and the same morphology of the amygdalar AEP is 
consistently and reliably found in studies from different laboratories. 
Regarding the N25 component, a larger amplitude was found in the Paired condition 
versus the other conditions. This makes the N25 a possible electrophysiological correlate of 
associative learning. The learning-specific increase of the N25 is similar to reports on the 
enhancement of the first negative-going wave of the CS-evoked field potential recorded with 
micro-electrodes in the lateral amygdalar nucleus (LA) during fear conditioning in rats and 
mice (Rogan et al. 1997; Tang et al. 2001, 2003; Schafe et al. 2005). The early negative wave 
described in these studies has a latency similar to that of the N25 in the present study and also 
increases during fear conditioning. This wave has been related to long-term potentiation 
(LTP) in the amygdala (Maren, 1999). LTP can be induced in the LA by high frequency 
stimulation of afferent structures, such as the auditory thalamus and auditory cortex (Clugnet 
& LeDoux, 1990, Huang & Kandel, 1998). Amygdalar LTP is quantified by the enhancement 
of the first negative-going wave of the field potential recorded in LA. This component is 
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generated locally in the LA, since the infusion of lidocaine directly into the LA transiently 
diminishes this component (Tang et al., 2003) and single LA units fire in response to the CS 
with the same latency (Rogan & LeDoux, 1995). Amygdalar LTP is postulated as a 
mechanism for learning and memory in Pavlovian fear conditioning (Maren, 1999; Blair et al. 
2001, Sigurdsson et al. 2007). However, demonstrations that this LTP-sensitive component 
also increases during actual fear conditioning in freely moving animals have been sparse so 
far: there are two reports using rats (Rogan et al. 1997; Schafe et al. 2005) and two using mice 
(Tang et al. 2001, 2003). The present results add to this literature. Like in these previous 
studies, the enhancement of the N25 was restricted to the Paired condition and not obtained 
with unpaired conditioning, demonstrating the associative nature of this component. 
Moreover, whereas these earlier studies used series of 20 auditory pips presented at a 1-Hz 
frequency as the CS, the present study used a continuous CS, as is normally employed in 
behavioral fear conditioning studies. The stimulus parameters of our CS were optimized in a 
pilot study and already yielded robust AEPs with twenty stimulus presentations. Therefore, it 
was not necessary to increase the number of stimuli for averaging by using a series of pips as 
CS, as was done in previous studies (Rogan et al. 1997; Tang et al. 2001, 2003; Schafe et al. 
2005). 
The N60 and P80 components were also affected by the different conditioning 
protocols. However, in contrast to the N25, no consistent effects were found across all four 
experimental days. Instead, significant differences between conditions were restricted to one 
(P80) or two (N60) experimental Days. The N60 was especially small in the Unpaired 
condition. To the best of our knowledge, there is no literature on the functional significance of 
the N60 component of the amygdalar AEP in the rat. It is therefore hard to speculate about the 
meaning of this component. There is also no literature dealing specifically with the amygdalar 
P80 component. Interestingly, the P80 remained stable across the four experimental days in 
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the Control and Unpaired conditions, but decreased with repeated behavioural training in the 
Paired condition. This could indicate that the P80, just as the N25, is a potential correlate of 
associative learning in fear conditioning. Since the P80 defines the starting point of the N150, 
one might be temped to assume that the decrease in amplitude on days 3 and 4 seen in the 
Paired condition is correlated with an increase in N150 amplitude. However, this possibility 
can easily be ruled out because, despite this drop in P80 amplitude, the amplitude of the N150 
stayed stable throughout all four experimental days. 
 During conditioning, distinct heart rate (HR) patterns were elicited in response to the 
CS in the three experimental conditions. The tachycardia observed in the Paired condition 
seems to indicate that these animals anticipated the upcoming US. Such an incremental 
response was absent in the Control and Unpaired conditions. Earlier work on HR responses 
during fear conditioning found HR increases during both paired and unpaired CS-US 
presentations (Iwata et al. 1986; Iwata & LeDoux, 1988). Therefore, it was argued that HR is 
not reliable as an index of the conditioned response (CR) in fear conditioning studies. These 
earlier studies used a 10-s pure tone as the CS and HR typically reached its maximum after 6 
s, after which a decrease started. This was the case in both paired and unpaired conditions. In 
contrast, in the present study HR continued to rise across the entire 8-s CS duration and this 
was the case only in the Paired condition. The condition-specific HR responses were already 
present on the first day of conditioning and remained present throughout the four 
experimental days. The earlier HR studies did not assess HR responses during conditioning, 
but during a small number of test trials (i.e., extinction trials) presented with the animal in its 
home cage. Perhaps such procedural differences account for the observed differences between 
studies. Another procedural aspect which is known to affect the direction of conditioned HR 
responses is the behavioral condition of the animal. Jeleń and Zagrodzka (2001) draw 
attention to the fact that CS-evoked increases in HR are typically observed in freely moving 
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animals, while in restrained animals HR decreases are usually present. For the time being, it 
seems premature to conclude that CS-evoked HR responses are not suitable to establish 
conditioned fear responses (see also the apparent sensitivity of this measure in our previous 
study, Knippenberg et al., 2008). Future research should address under what conditioning and 
testing conditions HR can and can’t be used as a reliable physiological index of fear 
conditioning.  
 
Conclusion(s) 
The present study tested whether the N150 of the Auditory Evoked Potential from the rat 
amygdala is sensitive to general increases in emotional arousal. It was found that this is 
indeed the case, as the N150 in CS-evoked AEPs was larger during both fear conditioning and 
unpaired presentations of the CS and US compared to an emotional neutral condition in which 
only CSs were presented. Furthermore, an additional increase in N150 amplitude was found in 
the fear conditioned group relative to the group receiving unpaired CS/US presentations. This 
suggests that the N150 is also affected by associative learning with accompanying increases in 
stimulus significance and/or increases in attention. 
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Chapter 5 
Effect of appetitive Pavlovian conditioning on the 
N150 of the amygdalar Auditory Evoked Potential 
in the rat 
 
Knippenberg, J.M.J., Maes, J.H.R., Coenen, A.M.L., van Luijtelaar, G. 
Brain Research, 1267, 57-64 
 
 
Abstract 
A large, negative wave which reaches its peak amplitude around 150 ms after stimulus onset, 
can be found in the Auditory Evoked Potential (AEP) recorded from the lateral amygdala in 
the rat. Previous studies in our laboratory have repeatedly shown that this N150 component 
increases during various aversive conditioning protocols and that this increase is attributable 
to both increases in emotional arousal that are inherent to aversive conditioning and to the 
formation of an association between the conditioned stimulus (CS) and the aversive 
unconditioned stimulus (US). Currently it is not known whether the N150 is also enhanced in 
conditioning procedures with positive reinforcement. To address this issue, we used a 
Pavlovian conditioning protocol in which an auditory CS signaled the delivery of a food US 
in food-deprived rats. AEPs evoked by the CS were recorded from the lateral amygdala while 
the animals were subjected to this appetitive conditioning procedure. Heart rate and N150 
amplitude did not increase during conditioning relative to pre-conditioning baselines. In 
contrast, heart rate and N150 amplitude increases were present during an aversive 
conditioning protocol (tone-shock pairings) that was carried out after the appetitive 
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conditioning. The present results suggest that the enhancement of the amygdalar N150 is 
specific for learning experiences that are accompanied by autonomic arousal and that this 
arousal is a prerequisite for the enhancement of the N150. 
 
Introduction  
 
Auditory Evoked Potentials (AEPs) are sequences of positive and negative electrical waves 
that are extracted from the ongoing electroencephalogram (EEG) by averaging the response to 
an auditory stimulus over a large number of trials (Coenen, 1995). AEPs can be recorded in 
the rat from cortical and subcortical structures and can be used to study aspects of sensory 
information processing and cognition (Meeren et al., 2001; Simpson and Knight, 1993a, 
1993b). In previous studies, we have recorded AEPs from the rat lateral amygdala to study the 
processing of the conditioned stimulus (CS) in a number of aversive conditioning protocols 
(Knippenberg et al., 2002, 2008, 2009). In all of these studies, we found a large, late, 
negative-going wave in the AEP that we termed N150, in accordance with its peak latency of 
about 150 ms. This N150 undergoes a profound amplitude increase when the initially neutral 
auditory stimulus that was used to trigger the AEP is subsequently used as a conditioned 
stimulus (CS) that is predictive of a foot shock unconditioned stimulus (US) during Pavlovian 
fear conditioning. We have demonstrated that this increase is in part attributable to 
nonspecific increases in emotional arousal that accompany fear conditioning, but that an 
additional amplitude increase takes place when the animal learns the association between the 
CS and US (Knippenberg et al., 2009).  
The results of our previous studies are line with the involvement of the lateral 
amygdala in Pavlovian fear conditioning (Blair et al., 2001; Doyère et al., 2007; Goosens et 
al., 2003). However, there is growing consensus, at least in the animal literature, that the 
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amygdala is not only involved in aversive forms of learning, but also has a role in processing 
positive emotional stimuli and in various types of conditioning procedures that use positive 
reinforcement (Everitt et al., 2001; Martin-Soelch et al., 2007; Murray, 2007). Two decades 
ago, single-unit recording studies in monkeys already established that amygdala neurons are 
responsive to stimuli that are both intrinsically negative and positive, such as snakes and 
preferred foods (Nishijo et al., 1988a, 1988b). These studies also found increases in neuronal 
firing in response to previous neutral stimuli that predicted either aversive or appetitive USs. 
More recently, Maho and Hennevin (2002) found that an auditory CS that was predictive of 
food reward (US) elicited increased spike firing in the lateral nucleus of the amygdala (LA) in 
the rat. Such an increase in CS-evoked spike firing was also observed in LA during fear 
conditioning (Goosens et al., 2003; Quirk et al., 1995; Repa et al., 2001). These increased 
responses reflect associative processes, since they are not found with unpaired presentations 
of the CS and US, neither during appetitive, nor during aversive Pavlovian conditioning. More 
recently, using a trace conditioning procedure, Paton et al. (2006) found that neurons in the 
basolateral amygdala of the monkey encode the value of the CS: amygdalar neurons respond 
with increased firing during the trace interval following a number of physically different CSs 
that all had in common that they consistently predicted either appetitive or aversive outcomes. 
Some functional neuro-imaging studies in humans have found amygdala activation in 
response to both pleasant and unpleasant pictorial stimuli (Garavan et al., 2001; Hamann et 
al., 2002). However, other studies failed to find amygdala responses to appetitive stimuli and 
only reported activation in response to stimuli with an aversive content (Morris et al., 1996; 
Whalen et al., 1998). Hence, in the human literature, controversy remains about the question 
whether the amygdala is specifically involved in processing aversive emotional material, or 
whether the amygdala is more generally involved in the processing of arousing emotional 
stimuli, irrespective of their valence (see Zald, 2003, for review).  
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Given the involvement of the amygdala in appetitive Pavlovian conditioning in 
animals, we used this type of conditioning to address the question of whether or not the 
amygdalar N150 is also evoked at enhanced amplitudes during a form of Pavlovian 
conditioning with positive reinforcement. This would at the same time address the question 
whether the enhancement of the N150 is specific to negative emotional situations, or if the 
valence of the conditioned emotion (positive or negative) is irrelevant and the N150 is 
generally enhanced during arousing experiences. To answer these questions, rats were 
subjected to an appetitive conditioning protocol consisting of tone-food pairings, while AEPs 
elicited by the tone CS were recorded from the lateral amygdala. In a later phase, the rats were 
subjected to a standard fear conditioning protocol in which the same CS was now paired with 
a foot shock US. This was done in order to verify and replicate the enhancement of the N150 
in this form of conditioning. A major advantage of this design is that the AEPs of both 
conditioning protocols are elicited by the same physical stimulus, so that changes in the N150 
can only be attributable to the different meanings of the CS and the accompanying emotion. 
 
Experimental Procedure 
 
Animals and surgery 
Eleven male Wistar rats (327–440 g, 8 months old) served as subjects. The animals were bred 
at the Department of Biological Psychology of the Radboud University Nijmegen. Before 
surgery, the rats were housed in pairs with ad libitum access to food and water. The rats were 
handled daily for 2 min on the last three days before surgery. EEG and ECG electrodes were 
implanted during general inhalation anesthesia with isoflurane. After the induction of 
anesthesia, the animal was placed in a stereotaxic instrument with a flat skull position and 
given an injection of atropine sulphate (0.1 ml, im). Bodily temperature was controlled by a 
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self-regulating heating pad throughout surgery. A bipolar electrode (type MS303/71, Plastics 
One, Roanoke, VA) was used for recording ECG. The two coil spring wires of this electrode 
(6 cm long, insulated with silicon rubber) were laid subcutaneously on the flanks. A tripolar 
stainless steel electrode (Plastics One, MS333/2a, Roanoke, VA) was used for EEG 
recordings. A hole was drilled in the skull overlying the right lateral nucleus of the amygdala 
(3.60 mm posterior, 5.20 mm lateral, and 8.30 mm ventral to bregma (Paxinos and Watson, 
1998)) through which the middle wire of the electrode was inserted. The remaining two wires 
served as reference and ground and were placed epidurally on the cerebellum. Both electrodes 
were attached to the skull with dental acrylic. Additional support was provided by screws 
placed at several locations on the skull. After surgery, the rats were housed individually and 
given a recovery period of at least one week. The rats were handled again for 2 min on the last 
day of recovery. All surgical and behavioral procedures of the experiment were approved by 
the animal ethics committee of the Radboud University Nijmegen.  
 
Apparatus and recording 
The behavioral procedures took place in standard conditioning chambers (25 cm length × 25 
cm width × 40 cm height) equipped for electrophysiological recordings in freely moving rats. 
Each conditioning chamber was located in a sound-attenuating, ventilated chamber. The front 
and back walls of the conditioning chambers were made of clear Plexiglas. The right side wall 
and floor were made of 3-mm stainless steel rods spaced 1.4 cm apart center-to-center. During 
training, a scrambled foot shock (US), could be passed through the floor. The left wall was 
made of aluminum and contained a food magazine (5 cm width × 4 cm depth × 5 cm height) 
in the midline position at 2 cm above the floor. Food pellets (USs) were delivered into the 
food magazine during appetitive conditioning. A soft green light was turned on in the food 
magazine upon delivery of a pellet. This light turned off automatically when the rat retrieved 
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the pellet from the magazine. Seven cm to the left and right of the midline of the left side wall 
was a speaker that was used for presenting the auditory CS. Experiments were performed in 
darkness. The conditioning chambers were cleaned thoroughly with 70% ethanol after each 
usage. 
The cables that were connected to the animals during recording could rotate by means 
of a swivel, allowing complete freedom of movement. In order the diminish disturbances from 
movement artifacts, impedance transformers located in the recording cables converted high 
impedance input into low impedance output before the recorded signals were passed through 
the cables. The signals were band-pass filtered (ECG: 10-100 Hz, EEG: 1-100 Hz), amplified 
(EEG: 5000 ×, ECG: 10.000–50.000 ×) and recorded with WINDAQ/Pro (DATAQ 
Instruments, Akron, OH) at a sample rate of 512 Hz.  
 
Behavioral protocols 
After recovery from surgery, food intake was restricted until a body weight of 85% of the 
animal’s pre-operative weight was reached. The experiment consisted of five separate phases. 
First, animals learned to retrieve food pellets from the food magazine in two 30-min sessions. 
In each session, ten pellets were delivered into the magazine at an average inter-trial interval 
of 3 min (2-4 min range). The protocol was carried out on two consecutive days. Second, a 
habituation protocol was performed in order to obtain a baseline AEP of the auditory stimulus 
when it was still neutral, and to exclude any influences of novelty and novelty-related arousal 
at the time of recording during conditioning. A white noise stimulus (85 dB, 15-s duration, 
10-ms rise and fall time) was presented 200 times in a single 2-h session at an inter-stimulus 
interval varying randomly between 10 and 30 s. Third, the same stimulus was used as a CS to 
predict the delivery of a food reward in an appetitive conditioning protocol. A 45-mg 
precision pellet (Campden Instr. LTD, England) was delivered into the food magazine 1 s 
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after the offset of the CS. Conditioning was carried out in sessions of 40 CS-US pairings. 
Inter-trial intervals varied between 1-2 min and a single session took ~75 min. Conditioning 
was continued until the animal demonstrated conditioned food cup approaches during the CS 
(see Data processing). Fourth, the second phase (nonreinforced CS presentations) was 
repeated in order to extinguish conditioned responses before the same CS would be used in 
aversive conditioning. The rats had again ad libitum access to food in their home cages in this 
and the next phase of the experiment. Fifth, the CS was always followed by a 0.5-s, 0.5-mA 
foot shock passed through the rods of the floor of the Skinnerbox. US onset coincided with 
CS offset. Aversive conditioning was carried out in two sessions of 40 CS-US pairings each. 
The inter-trial interval and the duration of a single session were identical to that during 
appetitive conditioning. In all experimental phases in which the CS was presented, the first 
trial started after a 5-min period given for exploration and the animals were removed from the 
conditioning chamber a few minutes after the last trial. The experiment was run in two 
groups, one of 5 and one of 6 rats.  
 
Histology 
The animals were given an overdose of sodium pentobarbital (ip) upon completion of the 
experiment. A small electrolytic lesion (25 µA, 15 s) was made at the tip of the recording 
electrode and the animal was perfused with saline, followed by a solution of 2% potassium 
ferrocyanide dissolved in 4% paraformaldehyde (solution basis: phosphate buffer (0.1 m, pH 
= 7.3)). The brains were removed and postfixed overnight in paraformaldehyde (4%). The 
next day the brains were transferred to a paraformaldehyde solution to which 30% sucrose 
was added and remained there for 4-5 days. Then, the brains were sliced in the coronal plane 
in sections of 40 µm using a freezing microtome. Sections containing a blue dot caused by the 
reaction of the potassium ferrocyanide with iron deposits left after electrolytic lesioning were 
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mounted and stained with a 0.1% cresyl violet solution. Electrode positions were drawn into 
the corresponding figures of the stereotaxic atlas of Paxinos and Watson (1998). 
 
Data processing  
Appetitive conditioning Acquisition of appetitive conditioning was assessed by the 
development of approach behavior towards the food magazine during the CS. The number of 
head entries into the food magazine was registered in each conditioning session. For each 
trial, a ratio was calculated according to the formula CS / (CS + pre-CS), were CS denotes the 
number of magazine entries during the CS and pre-CS denotes the number of entries during 
the 15 s immediately preceding the CS. A mean ratio was calculated for each session of 
conditioning. When this ratio was ≥ 0.70, the animal was judged to have learned the CS-US 
association. Heart rate responses evoked by the CS were also monitored (see below). 
Heart rate responses Heart rate was continuously recorded during the conditioning protocols. 
The raw ECG was converted off-line to heart rate in beats-per-minute (BMP) by software 
running in Labview that detected individual heart rate beats by applying a voltage threshold 
over the R-peaks of the QRS complex. The software determined the time between two 
successive R waves and calculated how many of these periods would fit in 1 min and 
calculated a raw BPM value for each recorded sample. Raw BPM values were then averaged 
across 1-s time spans and these values constituted the program's output.  
Heart rate (HR) analysis of the appetitive conditioning was restricted to the last two 
sessions in which the behavioral criterion was reached. Aversive conditioning consisted of 
only two session and both sessions were subjected to HR analysis. Spontaneous HR was 
measured as the average HR during the second immediately preceding CS onset and average 
values were obtained of all 80 pre-CS periods. Conditioned HR responses to the appetitive 
and aversive CS were assessed by monitoring changes in HR evoked by the presentation of 
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the CS: HR values were converted to relative HR by subtracting the value of the last pre-CS 
second from each post-CS second. Reported HR data are based on the mean of all 80 CS 
presentation trials. Spontaneous HR levels were used as an index of the amount emotional 
arousal during both the appetitive and the aversive protocol. The HR responses to the CS were 
used as an index of the arousal evoked by the CS and the value of the CS in the two 
conditions.  
AEPs AEPs were obtained with Brain Vision Analyzer (Brain Products GmbH, Munich, 
Germany). First, a notch filter (50 Hz) was applied to the recorded EEG. Then, all EEGs were 
visually inspected for artifacts. Some rats had occasional spike-wave discharges, a form of 
absence epilepsy present in many rat strains (Coenen and van Luijtelaar, 2003) and these 
periods were also marked as artifacts. During the habituation and extinction phases, EEG 
characteristic of drowsiness and slow-wave sleep (SWS) was observed. CSs presented during 
these vigilance states were excluded from AEP averaging, since AEP amplitudes change 
during these states of consciousness (Coenen, 1995). The EEG epochs of all remaining trials 
were segmented from100 ms pre-CS till 400 ms post-CS, baseline corrected with respect to 
the 100 ms pre-CS period and then averaged. The N150 was defined as the mean amplitude in 
the 100-200 ms window following stimulus onset (Handy, 2005).  
 
Statistical analyses 
Heart rate Potential changes in heart rate (HR) during the CS were assessed with polynomial 
contrasts that tested for linear and quadratic trends across the 15-s CS. This analysis was 
performed separately for the appetitive and aversive conditioning procedures. Pre-CS HR was 
compared with paired-samples t-tests.  
AEPs The EEGs of the habituation phase and the extinction phase were each divided into five 
blocks of 40 CS presentations and an AEP was obtained of each block. Polynomial contrasts 
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were used to test for the presence of (decreasing) linear or quadratic trends in N150 amplitude 
across the five blocks. For appetitive conditioning, the AEPs of the last two conditioning 
sessions in which the behavioral learning criterion was reached were used for statistical 
analyses. Aversive conditioning consisted of only two sessions and the AEPs of both these 
sessions were used. The AEPs of both the aversive and the appetitive protocol were compared 
with the AEP of the last block of the habituation phase using paired-samples t-tests. A 0.05 
level of significance was used throughout all statistical tests. 
Additional testing of AEP data was carried out by the nonparametric method of Maris 
and Oostenveld (2007), which compares two signals at every time point (i.e., data sample). 
Briefly, this method controls for the large probability of false significant effects (‘false 
alarms’) that is caused by the large numbers of comparisons (one for each recorded time 
point; the EEG in the current study was sampled at 512 Hz). The method of Maris and 
Oostenveld controls for the probability of false alarm rates by applying a sophisticated type of 
Bonferroni correction. 
 
Results 
 
Histology 
All rats had electrode positions in, or adjacent to, the lateral nucleus of the amygdala (Figs. 
1A and 1B).  
 
Conditioning 
An average of five sessions (range 3-9) of appetitive conditioning was required to reach the 
learning criterion of ≥ 0.70 for the ratio of magazine entries during the CS relative to the 
number of entries in the CS and pre-CS period (see Experimental Procedure for a detailed  
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 Figure 1. (A) Microphotograph of a 
representative electrode placement. LA, 
lateral nucleus of the amygdala. Arrow 
marks the location of the electrode tip. 
Scale bar, 1 mm. (B) Electrode placements. 
Gray area indicates lateral nucleus of the 
amygdala. Numbers correspond to antero- 
posterior coordinate relative to bregma. 
Diagrams are adapted from Paxinos and  
Watson (1998). 
 
description of the learning criterion). One rat did not reach the learning criterion and was 
excluded from the experiment. Before the learning criterion was reached, the mean magazine 
entry ratio was 0.49 (range 0.16-0.69) across sessions. In the last two sessions of conditioning  
 
Figure 2. Heart rate changes in response to presentation of the conditioned 
stimulus during both appetitive and aversive conditioning. The last second 
preceding CS onset (time 0) was used as reference. Error bars represent SEM, 
N=10. 
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in which the learning criterion was reached the ratio was 0.77 ± 0.02 (mean ± SEM).  
Successful appetitive conditioning was thus evident despite the pre-exposure to the CS in the 
habituation protocol. Spontaneous heart rate (HR) levels, assessed with the HR values in the 
1-s pre-CS period, were higher during aversive conditioning (mean of 338 beats per minute) 
than during appetitive conditioning (312 beats per minute). This difference was significant 
(t(9) = 2.63, p < .05). There was no CS-evoked increase in HR during appetitive conditioning 
(F(1,9) = 2.31; F(1,9) = 0.23, linear and quadratic trend respectively, Fig. 2). In contrast, a 
HR increase was found during the presentation of the CS during the aversive procedure, 
which was described by a significant linear (F(1,9) = 79.39, p < .01) and quadratic (F(1,9) = 
73.30, p < .01) trend (Fig. 2). This increase demonstrates that the acquisition of aversive 
conditioning was successful and was not hindered by the earlier appetitive conditioning phase. 
 
Auditory Evoked Potentials 
The amygdalar AEPs consisted of several early components and a relatively large N150, in 
agreement with outcomes of our earlier studies. The N150 was initially present at large 
amplitudes during the habituation protocol, after which a progressive amplitude decrease took 
place (Fig. 3). This amplitude decrement was statistically confirmed by the presence of 
significant linear (F(1,9) = 23.36, p < .01) and quadratic (F(1,9) = 7.63, p < .05) trends across 
the five blocks of 40 trials. The N150 amplitude was not different between the two final 
sessions of appetitive conditioning (t(9) = 0.49), nor during the two sessions of aversive 
conditioning (t(9) = 0.37). Therefore, for each type of conditioning, the data of the two 
sessions were merged and a single AEP was calculated across all trials. Compared to the last 
block of the habituation phase, the N150 amplitude did not differ from that during appetitive 
conditioning (t(9) = 2.14; Fig. 4A), but was larger during aversive conditioning (t(9) = 3.35, p 
< .01; Fig. 4B). As in the habituation protocol, a gradual reduction in N150 amplitude was  
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 Figure 3. N150 amplitude (mean ± SEM) in blocks  
of 40 trials during the habituation phase (N=10). 
 
also present in the extinction protocol that followed the appetitive conditioning, again 
described by a linear (F(1,9) = 45.52, p < .01) and quadratic (F(1,9) = 40.22, p < .01) trend 
(data not shown). A significant correlation was found between spontaneous HR, defined as 
HR in the 1-s pre-CS period, and the amplitude of the N150 in the habituation protocol (r = 
0.59, p < .01). However, no such correlation was found during the extinction protocol (r = 
0.10) and the conditioning protocols (r = 0.06, r = 0.05, appetitive and aversive conditioning 
respectively). 
 
Figure 4.(A) Auditory Evoked Potentials during the last 40-trial block of the habituation 
phase and during appetitive conditioning (N=10). (B). Auditory Evoked Potentials during 
the last 40-trial block of the habituation phase and during aversive conditioning (N=10). 
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The general morphology of the N150 seemed to differ between the appetitive and 
aversive condition (Fig. 4). Specifically, the N150 started and ended at earlier latencies during 
aversive conditioning, whereas the N150 seemed to continue at later latencies during 
appetitive conditioning. To test whether these differences in morphology were statistically 
significant, we used the method described by Maris and Oostenveld (2007), which compares 
two signals at every recorded data sample. The AEPs obtained during appetitive and aversive 
conditioning were compared with the AEP of the habituation phase (last 40-trial block). The 
AEP of the appetitive conditioning differed significantly from the AEP of the habituation 
phase in the time window of 166-332 ms, whereas a corresponding difference was found in a 
time window of 119-209 ms in aversive conditioning. 
 The P40, a positive AEP component peaking around 40 ms, was found to increase 
significantly during aversive conditioning (compared to the AEP of the last block of the 
habituation phase, t(9) = -4.21, p < .01), but not during appetitive conditioning (t(9) = -1.03). 
 
Discussion 
 
The present study tested whether the N150 of the amygdalar AEP, a component that has been 
repeatedly found in studies using aversive conditioning protocols, can also be evoked in 
conditioning protocols that use positive reinforcement and thus likely involve positive affect. 
The current data revealed that there was no increase in the amplitude of the N150 during 
appetitive Pavlovian conditioning with food reward. In contrast, a large increase in N150 
amplitude was found during fear conditioning, a replication of the results of our previous 
studies (Knippenberg et al., 2002, 2008, 2009). Interestingly, the P40 component was also 
increased during the aversive protocol, but not during appetitive conditioning. This suggests 
that an enhancement of the P40, like that of the N150, is also induced specifically by arousing 
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stimuli. In accordance with this idea, Slawecki et al. (1999) also found a P40 component in 
amygdalar AEPs in the rat and this component increased in amplitude when evoked by a 100 
dB startle stimulus. 
 The physiological data obtained during both conditioning protocols indicated different 
arousal levels between appetitive and aversive conditioning. There were no elevations in 
spontaneous heart rate (HR) during appetitive conditioning, nor did the CS induce any phasic 
HR increases. In contrast, the aversive protocol was associated with large increases in 
spontaneous HR and a marked CS-evoked HR response. Since the N150 was enhanced only 
in the aversive and not the appetitive protocol, this suggests that the enhancement of the N150 
is specific for emotionally arousing conditioning protocols. In support of this suggestion, we 
did find a significant correlation between the level of spontaneous HR immediately preceding 
each trial (pre-CS HR) and the amplitude of the N150 in the habituation protocol preceding 
the conditioning protocols. Higher levels of spontaneous HR were associated with larger 
N150 amplitudes. This suggests a causal relationship between these two variables. The fact 
that such a correlation was not found during the conditioning protocols could be attributable 
to habituated HR levels during the appetitive conditioning and elevated HR levels during the 
aversive conditioning (bottom and ceiling effects). 
Studies on the autonomic correlates of Pavlovian appetitive conditioning have 
produced contradicting results: some studies report increases in autonomic parameters, 
whereas others report decreases. In dogs, Kostarczyk (1986) reported CS-evoked increases in 
HR during appetitive conditioning with food reward. Powell et al. (2002) found that paring an 
auditory stimulus with intraoral water administration led to CS-evoked increases in HR in 
rabbits. In contrast to these studies reporting CS-evoked tachycardia, Hunt and Campbell 
(1997) found a CS-evoked bradycardia during appetitive conditioning in rats. In the present 
study, also performed in rats, neither increases nor decreases in HR were observed in response 
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to the CS. Thus, the autonomic responses to an appetitive CS reported in the literature are not 
consistent across different studies. Future studies should try to establish the critical features of 
the behavioral protocols that yield one or the other type of result.  
Although the literature on autonomic responses during appetitive Pavlovian 
conditioning is somewhat mixed, there is clear evidence that appetitive conditioning induces 
the release of stress hormones. Tomie et al. (2002) used a Pavlovian autoshaping procedure in 
which the insertion of a lever served as a CS predicting a food US. Although pressing the 
lever does not produce any effect, rats do start to frequently press the lever prior to the 
presentation of the US. Tomie et al. found that this procedure increased plasma corticosterone 
levels. Merali et al. (1998) reported that temporary restraint and mere food intake cause 
comparable increases in blood level corticosterone in rats. In addition, using intra-amygdalar 
microdialysis, they demonstrated that both restraint and food intake are associated with 
elevated levels of corticotrophin-releasing hormone (CRH) in the central nucleus of the 
amygdala. Merali et al. suggested that these endocrine response patterns might serve to draw 
attention to biologically relevant events, both of aversive and appetitive nature, rather than 
being exclusively associated with states of fear and anxiety. The secretion of adrenaline from 
the adrenal glands is also not restricted to stressful situations, but has also been associated 
with pleasant emotions and positive arousal (e.g., Feenstra, 2000). All in all, there is ample 
evidence that food intake and appetitive conditioning produce increases in hormones that are 
traditionally associated with stress and anxiety. However, despite the fact that such endocrine 
responses were probably present in the present study during the appetitive conditioning 
procedure, they apparently did not cause an enhancement of the N150.  
The present data support the idea that the N150 is specific for situations and/or stimuli 
that induce autonomic arousal. Both basal and CS-evoked heart rate were increased 
significantly only in the aversive conditioning protocol, and the N150 was enhanced only in 
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this conditioning protocol. The hypothesis that arousal is a crucial prerequisite for the 
enhancement of the N150 is also supported by a few earlier animal studies. Ehlers and 
colleagues found a large negative wave at ~150 ms in the AEP from the rat amygdala in 
response to a 100 dB acoustic startle stimulus (Ehlers et al., 1997; Slawecki et al., 2000), 
which is also an arousing type of stimulation. Also, Paré and Collins (2000) recorded local 
field potentials from the lateral amygdala in the cat in response to a train of auditory CSs that 
induced increases in blood pressure and also found a N150-like component.  
Although the involvement of the amygdala in associative learning with reward has 
been extensively evidenced in animals studies (see Everitt et al., 2001; Martin-Soelch et al., 
2007; Murray, 2007, for reviews), there is currently still discussion on whether the human 
amygdala is selectively involved in negative emotions or whether its role is more general and 
encompasses also positive emotions (see Sergerie et al., 2008, for review). The results of 
functional neuro-imaging studies are mixed: some studies report greater amygdala activation 
in response to unpleasant stimuli than to pleasant stimuli (Morris et al., 1996; Whalen et al., 
1998), while other studies report equal activation in response to both aversive and appetitive 
material (Garavan et al., 2001; Hamann et al., 2002). Since aversive stimuli are likely to 
induce more arousal than appetitive stimuli, some authors have suggested that the amygdala 
responds selectively to arousing stimuli and that the valence of the evoking stimulus (negative 
or positive) is not the critical factor in the amount of amygdala activation that is observed 
(e.g., see Anderson et al., 2003). Such a hypothesis is in line with the electrophysiological 
data of the present study, which demonstrate that the lateral amygdala shows an increased 
N150 response only to stimuli that evoked increases in autonomic arousal.  
The N150 underwent a gradual amplitude decrement in the pre-conditioning 
habituation phase in which the CS was presented in isolation. We have found such a decrease 
during habituation protocols in other studies as well (Knippenberg et al., 2002; Knippenberg 
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et al., in press). As we suggested previously, this gradual amplitude reduction could be related 
to decreases in attention and arousal that take place in the course of the habituation protocol. 
Specifically, it is likely that during early habituation, when the stimulus is still novel for the 
animals, there is a high level of arousal and attention. Later, when the CS continues to be 
presented without any relevant consequence, the animal starts to ignore the stimulus and the 
initial arousal subsides. The decrease in N150 amplitude that was present during the 
extinction phase could be related to the same process. 
 The results of the nonparametric method of Maris and Oostenveld (2007) revealed 
some differences in the morphology of the AEPs between the appetitive and aversive 
conditioning protocols. The AEP of the aversive conditioning was significantly increased 
relative to the AEP of the habituation protocol in a time period of 119-209 ms after stimulus 
onset. This latency window corresponds exactly with the presence of the N150. During 
appetitive conditioning, an increase was found at much later latencies, namely during 166-332 
ms. This time window has only a small overlap with the last, descending, part of the N150 and 
extents to latencies much later than the latencies usually found for the N150. This late 
negativity seems to be specific for appetitive Pavlovian conditioning and deserves future 
inquiry.  
 
References  
 
Anderson, A.K., Christoff, K., Stappen, I., Panitz, D., Ghahremani, D.G., Glover, G.,  
Gabrieli, J.D.E., Sobel, N., 2003. Dissociated neural representations of intensity and 
valence in human olfaction. Nat. Neurosci. 6, 196-202. 
Blair, H.T., Schafe, G.E., Bauer, E.P., Rodrigues, S.M., LeDoux, J.E., 2001. Synaptic  
plasticity in the lateral amygdala: A cellular hypothesis of fear conditioning. Learn. 
Mem. 8, 229-42. 
 
 
102 
 
Coenen, A.M., 1995. Neuronal activities underlying the electroencephalogram and evoked  
potentials of sleeping and waking: Implications for information processing. Neurosci. 
Biobehav. Rev. 19, 447-63. 
Coenen, A.M., van Luijtelaar, E.L., 2003. Genetic animal models for absence epilepsy: A  
review of the WAG/Rij strain of rats. Behav. Genet. 33, 635-55. 
Doyère, V., Dębiec, J., Monfils, M.H., Schafe, G.E., LeDoux, J.E., 2007. Synapse-specific  
reconsolidation of distinct fear memories in the lateral amygdala. Nat. Neurosci. 10, 
414-16. 
Ehlers, C.L., Somes, C., Lopez, A., Kirby, D., Rivier, J.E., 1997. Electrophysiological actions  
of neuropeptide Y and its analogs: New measures for anxiolytic therapy? 
Neuropsychopharmacology 17, 34-43. 
Everitt, B.J., Cardinal, R.N., Hall, J., Parkinson, J.A., & Robbins, T.W., 2001. Differential  
involvement of amygdala subsystems in appetitive conditioning and drug addiction. 
In: Aggleton, J.P. (Ed.), The amygdala: A functional analysis. Oxford University 
Press, Oxford, pp. 353-390. 
Feenstra, M.G., 2000. Dopamine and noradrenaline release in the prefrontal cortex in relation 
to unconditioned and conditioned stress and reward. Prog. Brain Res. 126, 133-63. 
Garavan, H., Pendergrass, J.C., Ross, T.J., Stein, E.A., Risinger, R.C., 2001. Amygdala  
response to both positively and negatively valenced stimuli. Neuroreport 12, 2779-83. 
Goosens, K.A., Hobin, J.A., Maren, S., 2003. Auditory-evoked spike firing in the lateral  
amygdala and Pavlovian fear conditioning: Mnemonic code or fear bias? Neuron 40, 
1013-22. 
Hamann, S.B., Ely, T.D., Hoffman, J.M., Kilts, C.D., 2002. Ecstasy and agony: activation of  
the human amygdala in positive and negative emotion. Psychol. Sci. 13, 135-41. 
Handy, T.C., 2005. Basic principles of ERP quantification. In: Handy, T.C. (Ed.), Event- 
Related Potentials: A methods handbook. The MIT Press, Cambridge, pp. 33-55. 
Hunt, P.S., Campbell, B.A., 1997. Autonomic and behavioral correlates of appetitive  
conditioning in rats. Behav. Neurosci. 111, 494-502. 
Knippenberg, J.M.J., van Luijtelaar, E.L.J.M., Maes, J.H.R., 2002. Slow late component in  
conditioned stimulus-evoked potentials from the amygdala after fear conditioning in 
the rat. Neural Plast. 9, 261-72. 
Knippenberg, J.M.J., Maes, J.H.R., Kuniecki, M.J., Buyse, B.A.J., Coenen, A.M.L., van  
Luijtelaar, G., 2008. N150 in amygdalar ERPs in the rat: Is there modulation by 
anticipatory fear? Physiol. Behav. 93, 222-8. 
103 
 
Knippenberg, J.M.J., Maes, J.H.R., Coenen, A.M.L., van Luijtelaar, G., 2009. Influence of  
emotional arousal on the N150 of the Auditory Evoked Potential from the rat 
amygdala. Acta Neurobiol. Exp. 69, 109-118. 
Kostarczyk, E., 1986. Autonomic correlates of alimentary conditioned and unconditioned 
reactions in the dog. J. Auton. Nerv. Syst. 17, 279-88. 
Maho, C., Hennevin, E., 2002. Appetitive conditioning-induced plasticity is expressed during  
paradoxical sleep in the medial geniculate, but not in the lateral amygdala. Behav. 
Neurosci. 116, 807-23. 
Maris, E., Oostenveld, R., 2007. Nonparametric statistical testing of EEG- and MEG-data. 
J. Neurosci. Methods 164, 177-90. 
Martin-Soelch, C., Linthicum, J., Ernst, M., 2007. Appetitive conditioning: Neural bases and  
implications for psychopathology. Neurosci. Biobehav. Rev. 31, 426-40. 
Meeren, H.K., van Cappellen van Walsum, A.M., van Luijtelaar, E.L., Coenen, A.M., 2001.  
Auditory evoked potentials from auditory cortex, medial geniculate nucleus, and 
inferior colliculus during sleep-wake states and spike-wave discharges in the WAG/Rij 
rat. Brain Res. 898, 321-31. 
Merali, Z., McIntosh, J., Kent, P., Michaud, D., Anisman, H., 1998. Aversive and appetitive  
events evoke the release of corticotropin-releasing hormone and bombesin-like 
peptides at the central nucleus of the amygdala. J. Neurosci. 18, 4758-66. 
Morris, J.S., Frith, C.D., Perrett, D.I., Rowland, D., Young, A.W., Calder, A.J., Dolan, R.J.,  
1996. A differential neural response in the human amygdala to fearful and happy facial 
expressions. Nature 383, 812-15. 
Murray, E.A., 2007. The amygdala, reward and emotion. Trends Cogn Sci. 11, 489-97. 
Nishijo, H., Ono, T., Nishino, H., 1988a. Topographic distribution of modality-specific  
amygdalar neurons in alert monkey. J. Neurosci. 8, 3556-69. 
Nishijo, H., Ono, T., Nishino, H., 1988b. Single neuron responses in amygdala of alert  
monkey during complex sensory stimulation with affective significance. J. Neurosci., 
8, 3570-83. 
Paré, D., Collins, D.R., 2000. Neuronal correlates of fear in the lateral amygdala: Multiple  
extracellular recordings in conscious cats. J. Neurosci. 20, 2701-10. 
Paton, J.J., Belova, M.A., Morrison, S.E., Salzman, C.D., 2006. The primate amygdala  
represents the positive and negative value of visual stimuli during learning. Nature 
439, 865-70. 
 
104 
 
Paxinos, G., Watson, C., 1998. The rat brain in stereotaxic coordinates., Vol. 4, Academic  
Press, San Diego. 
Powell, D.A., McLaughlin, J., Churchwell, J., Elgarico, T., Parker, A., 2002. Heart rate  
changes accompanying jaw movement Pavlovian conditioning in rabbits: concomitant 
blood pressure adjustments and effects of peripheral autonomic blockade. Integr. 
Physiol. Behav. Sci. 37, 215-27. 
Quirk, G.J., Repa, C., LeDoux, J.E. 1995. Fear conditioning enhances short-latency auditory  
responses of lateral amygdala neurons: Parallel recordings in the freely behaving rat. 
Neuron 15, 1029-39. 
Repa, J.C., Muller, J., Apergis, J., Desrochers, T.M., Zhou, Y., LeDoux, J.E., 2001. Two  
different lateral amygdala cell populations contribute to the initiation and storage of 
memory. Nat. Neurosci. 4, 724-31. 
Sergerie, K., Chochol, C., Armony, J.L., 2008. The role of the amygdala in emotional  
processing: a quantitative meta-analysis of functional neuroimaging studies. Neurosci. 
Biobehav. Rev. 32, 811-30. 
Simpson, G.V., Knight, R.T., 1993a. Multiple brain systems generating the rat auditory  
evoked potential. I. Characterization of the auditory cortex response. Brain Res. 602, 
240-50. 
Simpson, G.V., Knight, R.T., 1993b. Multiple brain systems generating the rat auditory  
evoked potential. II. Dissociation of auditory cortex and non-lemniscal generator 
systems. Brain Res. 602, 251-63. 
Slawecki, C.J., Somes, C., Rivier, J.E., Ehlers, C.L., 1999. Neurophysiological effects of  
intracerebroventricular administration of urocortin. Peptides 20, 211-18. 
Slawecki, C.J., Walpole, T., Purdy, R.H., Ehlers, C.L., 2000. Comparison of the  
neurophysiological effects of allopregnanolone and ethanol in rats. 
Psychopharmacology 149, 351-9. 
Tomie, A., Silberman, Y., Williams, K., Pohorecky, L.A., 2002. Pavlovian autoshaping  
procedures increase plasma corticosterone levels in rats. Pharmacol. Biochem. Behav. 
72, 507-13. 
Whalen, P.J., Rauch, S.L., Etcoff, N.L., McInerney, S.C., Lee, M.B., Jenike, M.A., 1998.  
Masked presentations of emotional facial expressions modulate amygdala activity 
without explicit knowledge. J. Neurosci. 18, 411-18. 
Zald, D.H., 2003. The human amygdala and the emotional evaluation of sensory stimuli.  
Brain Res. Rev. 41, 88-123. 
105 
 
Chapter 6 
General Discussion 
 
1. Introduction 
The aim of this thesis was to elucidate the functional significance of the N150 component of 
the Auditory Evoked Potential from the amygdala of the rat. To this end, a number of 
experiments were carried out that tested two main hypotheses about the function of the N150 
(anticipation and arousal hypothesis) and addressed a number of additional research questions 
as well. In this discussion the main results and theoretical implications of the experimental 
data are discussed. Furthermore, some additional results that were obtained in these studies 
and that were not included in the scientific publications, are presented and discussed. Finally, 
a number of general conclusions regarding the functional significance of the N150 are made. 
 
2. The anticipation hypothesis of the N150 
The study described in Chapter 3 was designed to test the anticipation hypothesis of the N150. 
The anticipation hypothesis states that the N150 is related to the rat’s anticipation of an 
upcoming aversive foot shock. Specifically, the amplitude increase of the N150 during fear 
conditioning protocols is thought to be related to the animal’s anticipation of the upcoming 
shock. This hypothesis was based on data from Paré and Collins (2000), who performed a 
study in which the effects of increasing levels of anticipatory fear on spontaneous and CS-
evoked single-unit activity and local field potentials in the lateral amygdala were examined in 
the cat. This study used a behavioral protocol in which a sequence of six auditory stimuli was 
followed by an unconditioned foot shock stimulus. There was a 5-s delay between the fourth 
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and fifth tone in the sequence. This delay period was used to record spontaneous single-unit 
activity from the amygdala in an animal that is in a state of anticipatory fear (cf., unit activity 
evoked by discrete sensory stimuli). Relevant for this thesis is the observation that the tone-
evoked field potentials contained a large negative wave that peaked at 150 ms after stimulus 
onset. Of particular interest is that this N150-like component was especially large during the 
presentation of the sixth tone, thus immediately before the administration of the foot shock. 
Although the authors did not report statistics on this N150-like wave (analyses were restricted 
to the first negative-going wave of the field potential that reached its peak amplitude at ~48 
ms after stimulus onset), the increased amplitude of the N150 clearly suggested that the 
amplitude of the N150 is influenced by the anticipation of the upcoming shock. The fact that 
there was also an enhanced N150 in the AEPs of the CS– (a tone of a discernable acoustic 
frequency that was not followed by a shock) in our initial study (Knippenberg, van Luijtelaar, 
& Maes, 2002) could be explained by the presence of some shock anticipation, as indexed by 
moderate freezing behavior on these trials as well. Moreover, the amplitude decrease of the 
N150 observed during the subsequent extinction protocol with repeated isolated presentations 
of the CS could be attributed to a gradual decrease in the animal’s anticipation of the foot 
shock. In order to test the anticipation hypothesis of the N150, an experiment was designed 
that employed a conditioning protocol in which a sequence of six auditory stimuli was 
presented just prior to a shock, as in the study by Paré and Collins (2000). This protocol was 
extended by including additional trials on which a visual stimulus was presented before the 
tone sequence, signaling that the tone sequence would not be followed by the shock. The 
hypothesis regarding the N150 was that the amplitude should be large on trials with shock 
presentations (because on these trials there was a gradually increasing anticipation of the 
shock during the presentation of the tones), and small on trials in which the visual stimulus 
signaled that shock administration was cancelled. Heart rate recordings obtained during 
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conditioning revealed that the animals learned to differentiate between the two trial types and 
that they anticipated the shock to a larger extent on the aversive trials than during the safe 
trials. However, the N150 had an equally large amplitude on both the safe and shock trials, 
not supporting the anticipation hypothesis of the N150. The N150 amplitude was larger on 
both trial types compared to the pre-conditioning AEP that was used as reference.  
 
3. The arousal hypothesis of the N150 
The results of the first two experiments in this thesis indicated that any stimulus that is 
presented to an animal that is subjected to an aversive conditioning procedure will evoke a 
large N150. That is, in the experiment described in Chapter 2, both CS+ and CS– trials evoked 
a large N150, and this was also the case for the A+ and X´A- trials of the experiment in 
Chapter 3. These results suggest that any stimulus presented to an animal that is subjected to 
aversive conditioning will evoke a large N150, because when an animal is in a state of 
heightened arousal any stimulus will trigger an emotional response. This idea was formulated 
as the arousal hypothesis of the N150, which states that the enhancement of the N150 during 
fear conditioning protocols is attributable to increased responding to sensory stimuli during a 
state of arousal. To test this hypothesis, an experiment was designed in which three groups of 
rats were subjected to three different conditioning protocols (Chapter 4). One group received 
only presentations of an auditory stimulus and was thus expected to have no increase in N150 
amplitude, because these animals were not emotionally aroused. The crucial manipulation was 
in the protocols of the remaining two groups: these rats received either paired or unpaired 
presentations of the auditory stimulus (CS) and the foot shock US. If the presence of 
emotional arousal is a sufficient condition for the enhancement of the N150, then the N150 
should be enhanced in both these groups, because the presentation of the foot shocks will 
induce arousal in these animals. An important aspect of the experimental design was that the 
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rats that received unpaired presentations of the CS and US were never exposed to a single 
paired CS-US presentation. This is a crucial element, since in the previous two studies the 
same rats were always exposed to both fear conditioning trials and safe trials, thus allowing a 
potential generalization from the fear conditioned on the CS-US trials, to the safe trials. This 
possibility of carry-over effects was ruled out with the use of a between-subject design. 
 The results of this study support the arousal hypothesis of the N150: the N150 was 
larger in the two groups receiving foot shocks than in the group receiving only the auditory 
stimulus. This finding supports the claim that the N150 is evoked with a large amplitude in 
situations that are accompanied by increases in arousal. These results can also be regarded as 
an additional falsification of the anticipation hypothesis: there was no gradual, progressive 
CS-evoked heart rate increase indicative of anticipatory fear in the Unpaired condition, yet 
these animals had an enhanced N150. An additional result of this study is that the N150 was 
larger in the group receiving paired CS-US presentations than in the group receiving unpaired 
CS-US presentations. Whether this is on top of the already increased amplitude due to the 
emotional arousal induced by the fear conditioning protocol, or a separate effect, needs to be 
established.  
The study in Chapter 5 addressed the question of whether the N150 enhancement is 
limited to Pavlovian protocols that induce negative affect, or whether a N150 enhancement is 
also present in conditioning protocols that use positive reinforcement. To address this issue, 
appetitive Pavlovian conditioning (tone-food parings) was carried out in food-deprived rats. 
The results of this study show that appetitive conditioning is not accompanied by an increase 
in N150 amplitude. There was no increase in heart rate (HR) in response to the CS 
presentation, nor was there an increase in basal HR during this type of conditioning. In 
contrast, the N150 was significantly enhanced during the fear conditioning procedure with the 
same CS that was performed after the appetitive conditioning. Moreover, aversive 
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conditioning did induce increases in both basal and CS-evoked HR. This study thus 
demonstrates that the N150 is not enhanced in conditioning protocols that do not evoked 
increases in state arousal or stimulus-evoked arousal, and is enhanced in conditioning 
procedures that do evoke changes in these types of arousal. This constitutes further support 
for the arousal hypothesis of the N150. 
 
4. The relationship between arousal and the N150 
Mackworth (1969) distinguishes between two types of arousal: (1) the overall arousal state of 
the organism (‘arousal state’) and (2) arousal as a response evoked by a discrete sensory 
stimulus (‘arousal response’). Below, a short overview is given of how both types of arousal 
are likely to have affected the N150 in the experiments of this thesis. 
 
4.1 Arousal state 
The experiment reported in Chapter 4 examined the effect of an arousal state, induced by the 
presentation of aversive foot shocks, on the amplitude of the N150. In this experiment there 
were two groups of rats receiving aversive foot shocks (US), either shocks predicted by an 
auditory CS (Paired) or unpredictable shocks (Unpaired), and there was one group receiving 
no shocks, but only the CS (Control). Although one would expect that rats in both the 
conditions in which shocks are administered will be in a state of heightened arousal, the HR 
data indicated that only the rats in the Unpaired condition were in an arousal state. 
Spontaneous HR levels (as measured by pre-CS values) tended to be higher in the Unpaired 
condition than in the Control and Paired conditions (data not shown in Chapter 4). This could 
be attributable to the unpredictability of the exact moment of shock administration in this 
condition, whereas the lower arousal state in the Paired condition could be explained by the 
fact that shocks were reliably predicted by the CS, making the inter-trial intervals safety 
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periods. The animals in the Unpaired condition had a larger N150 than the animals in the 
emotionally neutral Control condition. This indicates that the state arousal in the Unpaired 
condition was already a sufficient condition for a N150 enhancement. The fact that the N150 
was larger in the Paired condition than in the Unpaired condition might be attributable to 
larger CS-evoked arousal in the former group (see below).  
The data of the study in Chapter 5 also point to influences of state arousal on the 
amplitude of the N150. Basal HR levels were significantly higher during aversive 
conditioning than during appetitive conditioning. Furthermore, spontaneous (pre-CS) HR 
levels were increased during aversive conditioning relative to the last block of 40 trials in the 
pre-conditioning habituation phase (t(9) = -2.72, p < .05, data not reported in Chapter 5), 
whereas this was not true for appetitive conditioning (t(9) = -1.12, p > .05). These data 
indicate that the appetitive conditioning procedure was not accompanied by state arousal. The 
fact that the N150 was enhanced during aversive conditioning, but not during appetitive 
conditioning, could be related to accompanying differences in basal arousal levels. 
In addition to these general observations, there is further empirical evidence for a 
relation between a state of arousal and the N150. In the study described in Chapter 5, a 
correlation was found between the amplitude of the N150 and the spontaneous (i.e., tonic) HR 
levels in the pre-conditioning habituation protocol (data not shown in Chapter 5). In this 
protocol, the CS was presented 200 times in isolation. AEPs were obtained for each block of 
40 trials. In addition, spontaneous HR levels, defined as HR in the 1-s pre-CS period, were 
also obtained in 40-trial blocks. There was a significant positive correlation between HR 
levels and N150 amplitude: r = 0.59 (p < .01). Thus, the higher the level of tonic HR just prior 
to the presentation of the CS is, the larger the amplitude of the N150 will be. This correlation 
is a demonstration of the sensitivity of the N150 to the arousal state of the animal. 
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4.2 The arousal response 
The arousal response consists of a number of psychophysiological reactions to a discrete 
stimulus that serve to activate the organism. Among these reactions are a desynchronization of 
the EEG (low-amplitude fast-frequency waves), the galvanic skin response (GSR), an increase 
in heart rate and respiration, and pupil dilation (Lynn, 1966). The arousal response is typically 
evoked by novel, unexpected stimuli and is known to decrease relatively rapidly with repeated 
exposure to the stimulus, especially if the stimulus is innocuous (Mackworth, 1969). It is 
interesting that these same properties also apply to the N150. Like the arousal response, the 
N150 is also typically evoked at large amplitudes upon the first encounters with a novel 
stimulus and then decreases in amplitude when the stimulus is presented repeatedly without 
any relevant consequences. This was shown by the decreasing amplitude of the N150 in the 
course of the habituation protocols in the experiments described in Chapters 2, 4, and 5. The 
N150 also decreases in amplitude during extinction protocols, in which the CS that was 
followed by a shock during fear conditioning is repeatedly presented in isolation. This effect 
has been reported in Chapters 2, 3, and 5. This amplitude reduction during extinction 
protocols could be attributable to the diminishing of the arousal response when the CS looses 
its behavioral relevance. 
 Of particular interest is the fact that the N150 is typically evoked by stimuli that 
induce a phasic increase in HR, which, as mentioned above, can be considered as an index of 
the arousal response. In the study in Chapter 3, the A+ trials clearly induced a high increase in 
HR, reflecting the anticipation of the upcoming shock and these trials elicited a large N150. 
The safe X´A- trials evoked a moderate increase in HR as well and these trials elicited an 
N150 that was equally large in amplitude as during the A+ trials. Thus, both A+ and X´A- 
trials induced a phasic increase in HR, either large or small, and on both trial types the N150 
was enhanced relative to the pre-conditioning baseline recording. The conditions that induced 
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a N150 enhancement in the study in Chapter 4 were also characterized by CS-evoked 
increases in HR. The CS in the Paired condition (fear conditioning protocol) evoked a strong 
HR increase and this group had the largest N150 amplitude. Although much smaller, there 
was also a significant increase in HR in the Unpaired condition (as compared to the Control 
condition), again indicating that even a minor increase in HR is also accompanied by an 
enhancement of the N150. Finally, in the experiment in Chapter 5 the CS did not evoke any 
significant increase in HR during the appetitive conditioning, and accordingly, there was no 
enhancement of the N150. When the same CS was subsequently used in a fear conditioning 
protocol, the CS did evoke an increase in HR and the N150 amplitude was enhanced. Taken 
together, the data from these studies suggest that a small but significant increase in arousal, as 
measured by an increase in stimulus-evoked HR, is a sufficient condition for the enhancement 
of the amygdalar N150. 
 
4.3 Arousal state, arousal response, and the N150 
The data reviewed in the previous two sections converge on the view that the N150 is evoked 
at enhanced amplitudes during (1) aroused states (in which even neutral stimuli evoke an 
enhanced N150) and (2) in response to discrete sensory stimuli that evoke an arousal response 
because they acquired significance through learning (CSs). Both of these circumstances are 
sufficient to induce an increase in the amplitude of the N150. Moreover, it is also possible that 
both these conditions are met at the same time. When none of these conditions are met (no 
aroused state and no arousal response to a discrete stimulus), the N150 is evoked at only small 
amplitudes, or rapidly habituates. The way in which these two factors, arousal state and 
arousal response, affect the amplitude of the N150, is illustrated in Table 1. Both of these 
factors, the arousal state and the arousal response, seem to exert a threshold-like influence on 
the N150: when a certain amount of arousal of either type is present, the N150 is 
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automatically evoked at enhanced amplitudes. When both types of arousal are present this 
also results in an enlarged N150, though at present it is not entirely clear whether this 
enhancement is larger then with either type of arousal alone. Thus, any of the four possible 
combinations that includes the presence of either one or both types of arousal will result in an 
enhanced N150. Only when both the situation that the animal is in and the stimuli that trigger 
the AEPs are not arousing, will the N150 have a small amplitude. 
 
 Arousal state 
Arousal response 
to discrete stimulus Absent Present 
Absent Small N150 Large N150 
Present Large N150 Large N150 
 
  Table I. Influences of two types of arousal on N150 amplitude. 
 
4.4 Involvement of the amygdala in conditioned arousal 
As mentioned in section 3.2, the N150 is evoked at enhanced amplitudes by stimuli that 
induce an increase in HR, which can be considered as an index of the arousal response. 
Interestingly, the amygdala is involved in the expression of arousal responses during aversive 
conditioning. The central nucleus of the amygdala and the bed nucleus of the stria terminalis 
send efferent projections to a variety of brain stem and hypothalamic sites that are involved in 
the regulation of behavioral, physiological and endocrine responses during stress and anxiety 
(Fig 3 in Chapter 1; see Davis, 2000, for review).  
The involvement of the amygdala in the expression of conditioned arousal responses 
during Pavlovian fear conditioning has been demonstrated by studies that investigated the 
effects of amygdala lesions on conditioned fear responses. Lesions of the amygdalar central 
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nucleus (CE) interfere with the development of CS-evoked cardiovascular responses during 
fear conditioning in a variety of species (see Davis, 2000, for review). Furthermore, lesions of 
the lateral hypothalamus interfere selectively with the development of blood pressure 
responses but not behavioral responses, whereas lesions of the periacqueductal gray hinder the 
freezing response but not physiological responses (LeDoux, Iwata, Cicchetti, & Reis, 1988). 
This double dissociation provides evidence that individual projection fields of the CE are 
involved in the expression of specific physiological and behavioral responses during fear 
conditioning. The fact that the N150 is typically evoked by stimuli that induce a HR increase 
and the fact that the amygdala is involved in the expression of conditioned HR increases seem 
to add further support to the hypothesis that the N150 is in some way related to the arousal 
response. 
Kapp and coworkers have hypothesized that the CE is involved in the elicitation of a 
state of heightened arousal during conditioned fear (Cain, Kapp, & Puryear, 2002; Kapp, 
Whalen, Supple, & Pascoe, 1992). Furthermore, they propose that such an aroused state 
enhances the information processing of sensory stimuli in the environment. The CE is thought 
to establish this conditioned arousal through its connections with several brain stem sites, such 
as the locus coeruleus and the magnocellular basal nucleus (the rat analogue of the nucleus 
basalis of Meynert). These sites send, respectively, noradrenergic and cholinergic projections 
to the cortex that are capable of arousing the cortex (Davis, 2000; Kapp et al., 1992). In 
rabbits, electrical stimulation of the CE induces responses that are normally induced by 
threatening stimuli, such as bradycardia, increases in respiration, pupil dilation and freezing 
(Applegate, Kapp, Underwood, & McNall, 1983). Furthermore, electrical CE stimulation 
arouses the cortex by suppressing the occurrence of slow delta waves in the EEG and inducing 
fast-frequency low–amplitude waves (B. S. Kapp, Supple, & Whalen, 1994). Since this EEG 
pattern is thought to be established by increased cholinergic neurotransmission, this suggests 
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that projections from CE to the magnocellular basal nucleus are involved in this effect (Kapp 
et al., 1992). Also, conditioned stimuli can enhance sensory information processing at the 
level of the thalamus by inducing a switch from the bursting firing mode to the tonic firing 
mode. The latter mode allows for a more accurate relay of information from the senses to the 
cortex and is typically observed during states of cortical arousal (Cain, Kapp, & Puryear, 
2000; Coenen, 1995). Cain et al. (2002) demonstrated that electrical stimulation of the CE 
causes neurons in the thalamus to switch from burst to tonic firing and also causes a 
suppression of thalamic delta frequencies. Furthermore, temporary inactivation of the CE by 
local infusion of the GABA agonist muscimol eliminated the normal thalamic increases in 
spike firing in response to a CS predicting an aversive US. Taken together, these results 
provide strong empirical evidence for a role of the CE in increasing the processing of 
emotionally relevant stimuli at the level of both cortex and thalamus. It is likely that in the 
conditioning protocols that were used in this thesis the CE will have mediated enhanced CS 
processing through the effects described above.   
Interestingly, data from human neuro-imaging studies also converge on the view that 
the amygdala is specifically involved in processing the arousal dimension of sensory stimuli. 
Anderson et al. (2003), for instance, disentangled the effects of arousal and valence on 
amygdala activation by presenting odors that were classified into one of four possible 
categories along the dimensions arousal (high or low) and pleasantness (i.e., valence; high or 
low). Both pleasantly arousing and unpleasantly arousing odors activated the amygdala, 
whereas low-arousing odors, both pleasant and unpleasant, did not. Small et al. (2003) found 
exactly the same results with taste stimuli. These studies strongly suggest that the amygdala 
responds selectively to arousing stimuli, irrespective of their valence. Furthermore, using 
fMRI, Cheng et al. (2006) have found that the amygdala is only activated by a CS predicting 
an aversive shock when this CS evokes a skin conductance response (SCR). There was no 
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amygdala activation on trials where the CS failed to elicit a SCR. These results seem to be in 
line with the observation that the amygdalar N150 is elicited by stimuli that induce an arousal 
response, as indexed by increases in HR.  
 The work of Holland and colleagues emphasizes the role of the CE in attentional 
processing (Holland & Gallagher, 1999, for review). Through a large number of studies they 
have demonstrated that the CE is involved in the acquisition of conditioned orienting 
responses in the rat (see, for example, Gallagher, Graham, & Holland, 1990). When a rat 
encounters a novel stimulus, such as a tone or a light, it initially reacts with an orienting 
response (OR) towards that stimulus. This OR typically consists of rearing on the hind legs 
(for visual stimuli) and a brief startle response and a lateral head jerk (for auditory stimuli) 
(Holland, 1977). The initial OR is referred to as the unconditioned OR and habituates when 
the stimulus is presented repeatedly without any behavioral consequences. If the same 
stimulus is subsequently used as a CS to predict a biologically significant event, such as food 
delivery, the OR reappears, often stronger in magnitude than during the initial habituation 
trials. The OR is then considered to be a conditioned OR. This reemergence of the OR is 
known to depend on the integrity of the CE and is thought to reflect heightened attention to 
events that acquired significance through associative learning (El-Amamy & Holland, 2007; 
Holland & Gallagher, 1999). There is a striking parallel between the waxing and waning of 
the OR in these conditioning experiments and the coming and going of the N150 in the 
experiments of this thesis. Like the OR, the N150 gradually decreases with repeated 
presentations of the CS during habituation protocols (Chapters 2, 4 and 5). And, like the OR, 
the N150 reemerges again at large amplitudes during Pavlovian conditioning procedures 
(Chapters 2-5). These similar patterns suggest that there is a relation between the N150 and 
the OR.  
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5. Influences of vigilance on the N150 
To determine if the amplitude of the N150 is affected by the state of vigilance of the animal, 
and in particular states of lowered arousal such as drowsiness and sleep, an additional analysis 
was carried out of the AEP data obtained in the study described in Chapter 5. It is well known 
that the amplitudes of AEP components depend on the state of vigilance of the organism 
(Coenen, 1995; Meeren, van Cappellen van Walsum, van Luijtelaar, & Coenen, 2001). To 
determine whether the amplitude of the N150 is also influenced by the state of vigilance, 
separate AEPs were made for three states of vigilance: passive wakefulness, drowsiness, and 
slow-wave sleep (SWS; see Fig. 2). The EEG recording of the habituation protocol was used 
for this analysis. Eight of ten rats in this experiment had a sufficient amount of EEG 
characteristic of drowsiness (34 ± 3 trials (mean ± SEM)) to obtain reliable AEPs. There were 
also eight rats with a sufficient number of trials presented during SWS (29 ± 7 trials). 
Statistical comparisons were restricted to these subgroups. AEPs during wakefulness were 
already obtained as part of the analyses carried out in Chapter 5 (the AEP of the last block of 
 
Fig. 2. Effects of three different states of vigilance 
on the amygdalar AEP (n = 8, for all conditions). 
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40-trials in the habituation protocol was used). The N150 was significantly smaller during 
drowsiness than during wakefulness (t(7) = -2.99, p < .05). The N150 was also smaller during 
SWS than during wakefulness (t(7) = -5.58, p < .01) and significantly larger during 
drowsiness compared to SWS (t(5) = -4.97, p < .01). These results show that the animal has to 
be in an awake state in order for a stimulus to evoke a N150. Moreover, the amplitude of the 
N150 decreases during a decreased state of vigilance (i.e., drowsiness) and is not present at all 
during sleep. These results are in line with the arousal hypothesis of the N150 because they 
show that the N150 is diminished or absent during states of lowered arousal. 
 
6. The N200 in the Event-Related Potential from the human amygdala 
A negative ERP component with a peak latency of about 200 ms, the N200, was recorded 
from the human amygdala in epileptic patients that received intra-amygdalar electrode 
implantations for diagnostic purposes (see Halgren, 1992, for review). This human N200 can 
be evoked by both visual and auditory stimuli and its amplitude is sensitive to instructions that 
increase the amount of attention that is directed to the stimulus. When subjects are instructed 
to count the rare tones in an oddball paradigm (presented 20% of the time), the amygdalar 
N200 is significantly larger in response to the rare tone than in response to the frequent tone 
that is presented at 80% of the trials (Stapleton & Halgren, 1987). Such an increase in N200 
amplitude in response to the rare tone is not present when the subjects receive no instructions 
and quietly read a book. In another paradigm, unique, novel sounds were presented in addition 
to rare and frequent tones. These novel sounds evoked a N200 that was larger than the N200 
in response to the rare tones, indicating that the N200 is sensitive to novelty.  
The factors that influence the amplitude of the N200 in these oddball paradigms bear a 
striking resemblance to the factors that affect the N150 of the rat. The N150 is also evoked at 
large amplitudes by stimuli that are novel, as was repeatedly shown by the large amplitudes 
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early in the habituation protocol when the stimulus was still relatively novel (Chapters 2, 4, 
and 5). Like the N200, the N150 is also especially large during stimuli that are likely to 
require more attentional processing than stimuli that receive less attentional processing, such 
as the CS in a fear conditioning procedure compared to a CS presented independently of a 
shock US (Chapter 4). Halgren (1992) concludes that the amygdalar N200 is related to an 
overall evaluative response evoked by stimuli that require additional processing because of 
their significance to the subject. Furthermore, Halgren argues that the N200 could be 
conceived of as an electrophysiological correlate of the orienting response (OR), since it is 
evoked by conditions that also elicit autonomic correlates of the OR. Interestingly, as 
mentioned before, the N150 is consistently enhanced by stimuli that evoke an increase in HR, 
modest or large, which suggests that the N150 could also be related to the OR. Given the 
correspondences between the human N200 and the rat N150, the study of the N150 in the rat 
could be a potential model for human amygdalar N200, which can only be studied in rare 
cases of epileptic patients with amygdalar electrode implantations. 
 
7. General conclusions  
The aim of this thesis was to shed light on the factors that influence the amplitude of the 
N150, a component of the AEP from the rat amygdala. Through a number of experiments, 
progress has been made in identifying the factors that are involved in the evocation and the 
enhancement of the N150. Four main conclusions can be derived from these studies: 
1. The N150 component of the AEP from the rat amygdala is consistently enhanced in 
amplitude when an animal is engaged in aversive conditioning. This finding is in line 
with the role of the lateral amygdala in aversive Pavlovian conditioning, which is well 
established (see LeDoux, 2000; Maren, 2001, for reviews). 
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2. The enhancement of the N150 during Pavlovian fear conditioning is not related to the 
animal’s anticipation of the upcoming aversive foot shock. This conception was 
suggested by data from the study by Paré and Collins (2000), but did not receive 
empirical evidence in the study described in Chapter 3, which was specifically 
designed to test this hypothesis. 
3. The presence of an arousal state can cause an enhancement of the N150. The study in 
Chapter 4 demonstrates that rats that receive uncoupled presentations of an auditory 
CS and a foot shock US have a larger N150 in response to the CS than animals that 
receive only the CS. Since there is an arousal state in the former group of rats, but not 
in the latter, this demonstrates that the presence of an aroused state is a sufficient 
condition for N150 enhancement. 
4. When a stimulus evokes an arousal response, this stimulus will also evoke a large 
(enhanced) N150. The study in Chapter 4 supports this claim, because the CS in the 
group of rats that received paired presentations of the CS and US (i.e., fear 
conditioning trials) evoked the largest increase in heart rate, and this group also had 
the largest N150 amplitude. In addition, the study in Chapter 5 demonstrates that a CS 
that does not evoke an increase in heart rate, as was the case in the appetitive 
conditioning protocol, does not cause an increase in N150 amplitude. 
 
8. Future directions 
Numerous experiments can be thought of that would advance our understanding of the 
variables that influence the amplitude of the N150, and thus provide clues to its functional 
significance. Some possible studies and their hypothesis concerning the N150 are presented 
below.  
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8.1. Effects of arousal state and the stimulus-evoked arousal response  
Two experiments can be proposed to further establish the influence of state arousal on the 
N150. A study could test the influence of contextual fear conditioning on the amplitude of the 
N150. Rats could be exposed to two physically different conditioning chambers, in one of 
which they receive unpredictable, isolated foot shocks. In a next experimental phase, the 
animals are re-exposed to both contexts and presented with an innocuous auditory stimulus 
(the order of the re-exposure to the two contexts should be counterbalanced). During re-
exposure to the context in which the animals received the isolated foot shocks, an arousal state 
will be manifest as a consequence of the contextual fear conditioning, whereas such an arousal 
state will not be present in the neutral context. Therefore, it is hypothesized that the auditory 
stimulus presented in both contexts will evoke an enhanced N150 only in the fear conditioned 
context. Effects of novelty-related arousal (related to the auditory stimulus) could be 
controlled for by presenting the auditory stimulus in both contexts prior to the contextual 
conditioning phase. Another experiment could test the influence of the stress (i.e., arousal 
state) caused by physical restraint on the amplitude of the N150 in AEPs evoked by an 
innocuous stimulus. Again, the AEPs of the innocuous stimulus should also be obtained prior 
to the recording during restraint, to control for both novelty-related arousal and to provide a 
baseline AEP for comparison. 
The relationship between the arousal response to a discrete sensory stimulus and the 
amplitude of the N150 could be further investigated by the use of naturally arousing stimuli. 
The stimuli that evoked an arousal response in the experiments in this thesis all did so after 
acquiring significance through learning. By using naturally arousing stimuli, such as an 
acoustic startle stimulus (e.g., 100-dB white noise) it is possible to examine whether such 
stimuli are capable of eliciting a large N150. The N150 in the AEPs of the startle stimulus is 
predicted to be larger than that in the AEPs of auditory stimuli of moderate, innocuous 
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intensity. Additionally, a range of acoustic intensities could be employed to test the influence 
on N150 amplitude in a systematic way. This could be used to determine whether or not there 
is a certain intensity threshold at which a stimulus starts to evoke an enhanced N150. 
Correlations between the amount of arousal evoked by the sensory stimulus (e.g., increase in 
HR or another physiological measure) and the amplitude of the N150 could also be 
determined in such a systematic study.  
An interesting question is whether there is an especially large enhancement of the 
N150 when there is both large state arousal and a large arousal response. Will the 
enhancement of the N150 in such a condition be larger than in situations in which only one 
type of arousal is present? In order to address this issue, an experiment could be designed in 
which rats are first exposed to random, unpredictable shocks in context A. This will induce 
state arousal and through contextual fear conditioning the rats will associate this context with 
shock administration, including state arousal. Then, the same rats are subjected to auditory 
Pavlovian fear conditioning in a physically different context B. Finally, the rats are re-exposed 
to context A and presented with the CS of the fear conditioning protocol. Re-exposing the rats 
to context A will induce state arousal and, on top of this, the presentation of the CS will evoke 
an arousal response. If the enhancement of the N150 in this situation will be larger then that 
observed with either type of arousal alone, then this would indicate these two of arousal have 
independent effects on the N150 and that these effects accumulate. 
 
8.2 Effects of stimulus predictability, habituation and stimulus novelty 
It would be interesting to determine to what extent the predictability of a stimulus affects the 
N150. It is known that the arousal response is more profound in response to a stimulus that is 
presented at unpredictable moments, than in response to a stimulus that is presented with 
fixed, predictable intervals (Mackworth, 1969). To test the influence of stimulus 
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predictability, an experiment could be performed in which two groups of rats are presented 
with the same auditory stimulus; the only difference being that in one group the stimulus is 
presented at a single, fixed inter-stimulus interval (ISI), while in the other group the stimulus 
is presented at a variable, unpredictable ISI. In both groups the stimulus is presented the same 
number of times and within the same total amount of time. It is hypothesized that the N150 
will be larger in the protocol with the variable ISI than in the protocol with the fixed ISI. Such 
a result would be in line with a recent study reporting greater activation of the basolateral 
amygdala in both mice and humans in response to an unpredictable sequence of neutral 
sounds as compared to the same sound presented with a fixed ISI (Herry et al., 2007). This 
study has found increased c-fos expression and increased sound-evoked single-unit firing in 
the BLA of mice, as well as greater amygdala activation in humans as measured with fMRI, in 
the unpredictable condition as compared to the predictable condition.  
 It would be of interest to examine whether factors that are known to affect the process 
of habituation, also exert an influence on the N150 amplitude. Habituation is the process 
through which behavioral and physiological responses evoked by a sensory stimulus gradually 
diminish with repeated presentation of the stimulus. Habituation reflects a learning process, 
since the reduced responding can’t be ascribed to sensory adaptation or motor fatigue 
(Thompson & Spencer, 1966). Two forms of habituation can be distinguished: short-term 
habituation and long-term habituation. The former takes place when a stimulus is presented at 
very short ISIs and develops rapidly, whereas the latter takes place when a stimulus is 
presented at long ISIs and takes longer to develop. One could conceive of an experiment in 
which one group of rats is subjected to a protocol that induces short-term habituation, while 
another group receives the same stimulus in a long-term habituation protocol. The amplitude 
of the N150 is hypothesized to decrease more rapidly in the short-term habituation condition, 
as compared to the long-term habituation protocol, because both state arousal and the arousal 
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response to the auditory stimulus will probably diminish more rapidly when the innocuous is 
encountered frequently in a relatively short period of time. Both types of arousal could be 
monitored by physiological indices and one could test for the presence of a correlation 
between this measure and N150 amplitude. This study would also give more general 
information about the influence of the two forms of habituation on the N150 amplitude. 
 Novel stimuli, both in absolute and relative sense, typically evoke an arousal response 
(Mackworth, 1969). Since the N150 is presumably related to the arousal response, it is 
interesting to study the effect of stimulus novelty on the N150. A modified version of the 
oddball paradigm could be used to study effects of (relative) stimulus novelty on the 
amplitude of the N150. In the oddball paradigm, two different auditory stimuli are present. 
One, the ‘frequent’, is typically presented at 85% of the trials, while the other, the ‘rare’ or 
‘oddball’ tone, is presented only 15% of time. As mentioned in the General Introduction, 
Ehlers and colleagues seem to have found an enhanced N150 in the AEP of the rare tone 
(Ehlers, Kaneko, Wall, & Chaplin, 1992; Ehlers, Wall, & Chaplin, 1991). However, given the 
effect of stimulus predictability on amygdala activation (Herry et al., 2007), it is crucial to 
present both types of stimuli at fixed (i.e., predictable) intervals, so one does not confound 
effects of novelty and predictability. The hypothesis regarding the N150 would be that its 
amplitude in response to the rare tone is larger than in response to the frequent tone. This is 
expected because the rare tone will remain relatively more novel during the paradigm. Again, 
correlations between the strength of the arousal response, as measured with a physiological 
index, and the amplitude of the N150 should be determined.  
 
8.3 Additional sensory modalities, neural structures and single-trial ERPs 
If the amygdalar N150 is related to an arousal state and/or an arousal response, as proposed in 
section 3.3, then its manifestation should be independent of the sensory modality of the 
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stimulus used to trigger the Event-Related Potential (ERP). To test this hypothesis, an 
experiment could be carried out in which a visual stimulus is first presented in a simple 
habituation protocol and subsequently used as a CS in Pavlovian fear conditioning. During the 
fear conditioning protocol, a large N150 should appear in the Visual Evoked Potential (VEP).  
 The ERP analyses in all of the proposed experiments in this and in the previous two 
sections could be complemented with the use of single-trial evoked potentials. With single-
trial evoked potentials, changes in ERP components can be monitored on a trial-by-trial basis 
(Quian Quiroga & van Luijtelaar, 2002). Of particular interest would be to determine the time 
course within which the N150 appears during Pavlovian fear conditioning. It would also be 
interesting to study changes in amplitude during habituation and extinction protocols. 
Furthermore, the N150 amplitude of single-trial evoked potentials could be correlated with 
physiological measures of arousal state and arousal responses on a trial-by-trial basis.  
 Also, all of the experiments proposed above could be complemented with recordings 
from additional structures to determine if precursors of the N150 are present in structures 
connected with the amygdala. At present, it is not entirely certain that the N150 originates 
from the amygdala. Although there is a moderate increase in the firing rate of LA neurons 
within the time window of the N150 (D. Paré, personal communication), this relationship is 
not as profound as that for the earliest negative wave of the local field potential (Collins & 
Paré, 1999, 2000; Rogan & LeDoux, 1995). It is thus possible that other neural structures 
contribute to the generation of the N150. The study in Chapter 2 indicated that a precursor of 
the N150 might be present in the primary auditory cortex. In order to determine the 
contribution of this and other structures connected with the amygdala (e.g., hippocampus, 
perirhinal cortex, medial prefrontal cortex) one could combine electrophysiological recordings 
from LA with lesions of these structures. The potential contribution of these structures could 
also be investigated by temporary inactivation methods, which should then only transiently 
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reduce the amplitude of the N150 in the amygdala. Another strategy would be to use 
combined recordings from a large number of structures and compare the exact time course of 
late, N150-like, components. 
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Summary 
 
The topic of this thesis is a large wave, of negative polarity, in the Auditory Evoked Potential 
(AEP) that can be recorded from the amygdala in the rat: the N150. This thesis asked the 
question: what is the functional significance of the N150? A number of experimental studies 
were conducted that tested several hypotheses about the functional significance of the N150. 
Through these experiments insight was gained into relevant aspects of behavioral protocols 
that modulate the N150 amplitude.  
 
In Chapter 1 the anatomy of the internal circuitry of the amygdala and its major afferent and 
efferent pathways are outlined. Then, the fear conditioning paradigm is described and 
experimental evidence demonstrating the involvement of the amygdala in this form of 
associative learning is reviewed. Briefly, fear conditioning consists of the pairing of an 
innocuous stimulus, such as a tone or light (conditioned stimulus, CS), with an aversive 
electric foot shock (unconditioned stimulus, US). Lesions and temporary inactivation of the 
amygdala applied before and/or after fear conditioning, interfere with the development of 
conditioned fear responses, demonstrating the involvement of the amygdala in the acquisition 
and expression of fear conditioning. Then, a brief introduction to the concept, and the 
underlying methodology, of the Auditory Evoked Potential (AEP) is presented. AEPs are bio-
electrical waveforms in reaction to a discrete auditory stimulus that are extracted from the 
recorded EEG by averaging the EEG over a large number of trials time-locked to the 
presentation of the stimulus. AEPs reflect the information processing of the stimulus by the 
brain. In humans, AEPs are recorded from electrodes placed on the skull, whereas in 
experimental animals recordings can be made from electrodes placed directly at the cortex and 
from electrodes implanted into deeper neural structures. Previous research on amygdalar 
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AEPs in the rat is briefly reviewed. The chapter concludes with a short introduction of the 
experiments described in Chapters 2-5. 
 
Chapter 2 describes a study that tested the effect of differential auditory fear conditioning on 
CS-evoked AEPs recorded from the amygdala. Prior to the administration of the conditioning 
procedure, rats were implanted with electrodes aimed at the lateral nucleus of the amygdala 
(LA). Two tones of different acoustic frequency were used, one of which was followed by a 
foot shock (CS+), whereas the other was never followed by a shock (CS–). The assignment of 
a particular tone as CS+ or CS– was counterbalanced between groups. Before and after the 
conditioning protocols, the CS+ and CS– were presented in a habituation and an extinction 
protocol and AEPs were recorded simultaneously. AEPs obtained during the extinction 
protocol, after fear conditioning was completed, contained a large, slow, negative wave that 
reached its peak amplitude at ~150 ms after CS-onset: the N150. The N150 was evoked at 
equally large amplitudes by both the CS+ and CS– and was significantly larger on both these 
trial types than in the pre-conditioning habituation protocol. Furthermore, when the CS+ and 
CS– presentations in the extinction protocol were divided into four blocks of 50 trials there 
was a gradual amplitude decrease of the N150 from earlier to later blocks. Again, this was the 
case for AEPs of both the CS+ and the CS–.  
 
The study described in Chapter 3 was designed to test the anticipation hypothesis of the 
N150. The anticipation hypothesis states that the enhancement of the N150 observed during 
fear conditioning reflects the animal’s anticipation of the upcoming shock. This hypothesis 
was suggested by two studies by Collins and Paré, who recorded CS-evoked local field 
potentials (LFPs) from the LA in the cat during aversive conditioning (Collins & Paré, 2000; 
Paré & Collins, 2000). In order to test the anticipation hypothesis of the N150 an experiment 
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was carried out with a conditioning protocol adapted from the study by Paré and Collins 
(2000). In this protocol a series of six auditory stimuli was followed by a shock when 
presented alone, but not when preceded by a 10-s visual stimulus. This protocol was designed 
to induce anticipatory fear during the former type of trials, but not during the latter. Heart rate 
recordings only revealed large increases in heart rate during the tone series when it was 
followed by the shock, indicating that the rats developed a fearful anticipation of the 
upcoming shock. However, the N150 was not significantly larger on the trials followed by 
shock than on the trials not followed by shock. This result is in direct contradiction to the 
anticipation hypothesis of the N150 and, therefore, this hypothesis was refuted. 
 
The study described in Chapter 4 tested the arousal hypothesis of the N150. This alternative 
hypothesis was prompted by the results of the experiments reported in Chapters 2 and 3. 
These studies found that as long as a stimulus is presented to an animal that is engaged in 
aversive conditioning, any stimulus, even when it is not correlated with the US, evokes a large 
N150. Thus, the enhancement of the N150 is hypothesized to be attributable to the increased 
arousal level that accompanies aversive conditioning. An experiment was performed in which 
rats received one of three behavioral protocols: (1) isolated presentations of the auditory 
stimulus that was used as a CS in the other two conditions (Control condition), (2) Pavlovian 
fear conditioning consisting of paired presentations of an auditory CS and a shock US 
(Paired), (3) independent, unpaired presentations of the CS and US (Unpaired). According to 
the arousal hypothesis, the N150 should be enhanced in the Paired and Unpaired conditions, 
but not in the Control condition, due to the presence of emotional arousal in the former two 
conditions, but not in the latter. This was indeed found. Furthermore, the N150 was larger in 
the Paired condition than in the Unpaired condition. This additional amplitude increase should 
in some way be related to the paired presentations of the CS and US in the Paired condition.  
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The experiment in Chapter 5 examined whether or not the N150 is also enhanced in 
Pavlovian conditioning procedures with positive reinforcement. The studies in the previous 
chapters convincingly showed that the N150 is enhanced during situations involving negative 
emotional arousal, but the question remained whether this enhancement is also present in 
learning situations accompanied by positive emotions. In order to address this issue, an 
experiment was conducted that employed appetitive Pavlovian conditioning with food reward. 
Food-deprived rats were subjected to a conditioning protocol in which a tone (CS) signaled 
the delivery of a food pellet (US). Compared to a pre-conditioning habituation protocol, the 
N150 did not increase significantly during the appetitive protocol, but did increase during a 
standard fear conditioning protocol (tone-shock pairings) that was carried out after the 
appetitive experiment. Interestingly, the aversive conditioning was accompanied by elevated 
basal arousal levels (as indexed by higher levels of spontaneous heart rate) and CS-evoked 
increases in heart rate, whereas neither of these parameters was increased during the 
appetitive protocol. These results demonstrate that the N150 is only enhanced in conditioning 
protocols that induce increases in basal arousal levels and CS-evoked arousal, and thus 
provide further support for the arousal hypothesis of the N150.  
 
In the General Discussion in Chapter 6, the results of the experimental chapters are reviewed 
and their implications for the anticipation and arousal hypothesis of the N150 are discussed. 
The data of the experimental studies are in line with the arousal hypothesis of the N150, but 
not with an anticipation hypothesis. The concepts of state arousal and arousal response are 
introduced and an overview is given of how both types of arousal relate to the experimental 
data. It is concluded that an elevated state arousal is a sufficient condition for the 
enhancement of the N150. For example, the N150 is increased in rats receiving unpaired 
presentations of a tone and shock and these rats have a high level of state arousal (as 
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demonstrated by high levels of spontaneous heart rate). The arousal response, defined as an 
increase in arousal in response to a discrete sensory stimulus, is usually associated with an 
enhanced N150 amplitude. In particular, stimuli that evoke an increase in heart rate (HR) are 
consistently causing an N150 enhancement. For instance, the CS in the (paired) fear 
conditioning protocols in the experiments of Chapters 4 and 5 induced a profound increase in 
HR and both CSs induced a large N150. Furthermore, when a stimulus does not evoke an 
immediate increase in HR, such as the CS in the appetitive protocol of Chapter 5, there is no 
N150 enhancement. It is concluded that when either state arousal and or an arousal response is 
present, the N150 is evoked at enlarged amplitudes. Only when both types of arousal are 
absent will the N150 habituate with repeated stimulus presentations. The role of the amygdala 
in conditioned arousal during Pavlovian conditioning and its role in the Orientation Response 
(OR) are also discussed and related to the N150 data. It is possible that a relation exists 
between the OR, which is also accompanied by an arousal response, and the N150, since the 
N150 is typically evoked in conditions that also evoke an OR. 
Some unpublished results on the effects of different states of consciousness on the 
N150 amplitude are presented. It is shown that a state of wakefulness is required for the 
evocation of the N150, since the N150 disappears during drowsiness and sleep. The N200 
component of the AEP from the human amygdala is briefly introduced and it is shown that 
factors that are known to affect the human N200 also affect the N150 of the rat. It is argued 
that the N150 could serve as a model for the study of the human N200, which can only be 
recorded in epileptic patients that received intra-amygdalar electrode implantations for 
diagnostic purposes. Finally, the main conclusions regarding the functional significance of the 
N150, focusing on the anticipation and arousal hypotheses, are presented and a number of 
future experiments are proposed. 
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Samenvatting 
 
Het onderwerp van dit proefschrift is een grote, elektrisch negatieve golf in de Auditory 
Evoked Potential (AEP) die gemeten kan worden in de amygdala van de rat: de N150. De 
centrale vraagstelling van dit proefschrift was: wat is de functionele betekenis van de N150? 
Er is een aantal studies uitgevoerd die verscheidene hypothesen aangaande de functionele 
betekenis van de N150 toetsten. Middels deze experimenten werd inzicht verkregen in wat 
relevante aspecten zijn van de gehanteerde gedragsprotocollen in het beïnvloeden van de 
N150 amplitude. 
 
In Hoofdstuk 1 worden de interne anatomie van de amygdala en de voornaamste inkomende 
en uitgaande verbindingen van deze structuur  uiteengezet. Vervolgens wordt het angst 
conditioneringsparadigma beschreven en wordt experimentele evidentie voor de 
betrokkenheid van de amygdala bij deze vorm van associatief leren samengevat. Angst 
conditionering bestaat uit het koppelen van een onschadelijke stimulus, zoals een toon of een 
lichtje (conditioned stimulus, CS), met een aversieve stimulus, zoals een elektrische schok 
(unconditioned stimulus, US). Laesies en tijdelijke inactivaties van de amygdala die worden 
toegepast vóór en/of na angst conditionering, interfereren met de totstandkoming van 
geconditioneerde angst reacties, hetgeen de rol van de amygdala aantoont bij de acquisitie en 
de expressie van angst conditionering. Vervolgens wordt een beknopte introductie van het 
concept en de onderliggende methodologie van de Auditory Evoked Potential (AEP) 
gepresenteerd. AEPs zijn bio-elektrische golfpatronen in reactie op een kortdurende auditieve 
stimulus die worden verkregen uit het electro-encefalogram (EEG), door de EEG signalen die 
direct volgen op een stimulus, te middelen over een groot aantal aanbiedingen van die 
stimulus. AEPs weerspiegelen de informatieverwerking van de stimulus door het brein. In de 
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mens worden AEPs gemeten door middel van elektroden die zijn aangebracht op de schedel, 
terwijl in proefdieren de mogelijkheid bestaat om elektrodes direct op de cortex te plaatsen of 
te implanteren in dieper gelegen neurale structuren. Eerder onderzoek naar AEPs uit de 
amygdala van de rat wordt kort besproken. Tot slot wordt een korte introductie gegeven op de 
experimenten in de Hoofdstukken 2-5.  
 
Hoofdstuk 2 beschrijft een studie naar het effect van differentiële auditieve angst 
conditionering op AEPs, gemeten in de amygdala, die werden opgeroepen door de CS. 
Voorafgaand aan de uitvoering van deze conditioneringsprocedure kregen ratten elektrodes 
geïmplanteerd in de laterale nucleus van de amygdala. Er werden twee tonen van een 
verschillende akoestische frequentie gebruikt, waarvan er één altijd werd gevolgd door een 
voetschok (CS+), terwijl de andere nooit gevolgd werd door een schok (CS–). Het gebruik van 
een specifieke toon als CS+ of CS– werd gecounterbalanced tussen twee groepen. 
Voorafgaand en na afloop van de conditioneringsprotocollen werden de CS+ en CS– 
gepresenteerd in een habituatie en een extinctie protocol en tijdens deze protocollen werden 
AEPs geregistreerd. De AEPs verkregen tijdens de extinctie procedure, nadat de angst 
conditionering was voltooid, bevatten een grote, trage, negatieve golf die zijn piek amplitude 
bereikte op ~150 ms na het begin van de CS: de N150. De amplitude van de N150 was even 
groot in de AEPs van de CS+ en de CS– en was significant groter tijdens deze beide type trials 
dan in het habituatie protocol van vóór de conditionering. Wanneer de CS+ en CS– 
aanbiedingen uit het extinctie protocol werden opgedeeld in blokken van 50 stimuli, werd een 
geleidelijke amplitude reductie van de N150 gevonden van eerdere naar latere blokken. Dit 
was het geval voor de AEPs van zowel de CS+ als de CS–. 
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De studie in Hoofdstuk 3 werd ontworpen om de anticipatie hypothese van de N150 te 
toetsen. De anticipatie hypothese stelt dat de toename van de N150 die plaatsvindt tijdens 
angst conditionering de anticipatie van het dier op de naderende schok reflecteert. Een 
dergelijke hypothese werd gesuggereerd door twee studies van Collins en Paré, die local field 
potentials (LFPs), opgeroepen door de CS, maten in de amygdala van de kat tijdens aversieve 
conditionering (Collins & Paré, 2000; Paré & Collins, 2000). Om de anticipatie hypothese van 
de N150 te toetsen werd een experiment uitgevoerd met een conditioneringsprotocol dat 
ontleend was aan de studie van Paré en Collins (2000). In dit protocol waren er twee typen 
trials. Tijdens het eerste type werd een serie van zes auditieve stimuli gevolgd door een schok. 
Tijdens het tweede type werd de serie voorafgegaan door een 10-s durende visuele stimulus 
en werd er geen schok gegeven. Dit protocol was dus ontworpen om een toestand van 
anticipatoire angst te  bewerkstelligen tijdens het eerstgenoemde type trial, maar niet tijdens 
het laatstgenoemde type. Opnames van de hartslagfrequentie lieten alleen een grote stijging 
zien tijdens de serie tonen wanneer deze gevolgd werd door een schok, hetgeen aangaf dat de 
ratten een anticipatoire angst ontwikkelden voor de naderende schok. Echter, de N150 was 
niet significant groter tijdens de trials die werden gevolgd door een schok dan tijdens de trials 
die niet werden gevolgd door een schok. Dit resultaat is direct in strijd met de anticipatie 
hypothese van de N150 en daarom werd deze hypothese verworpen.  
 
In de studie beschreven in Hoofdstuk 4 werd de arousal hypothese van de N150 getoetst. 
Deze alternatieve hypothese werd geformuleerd op basis van de resultaten van de 
experimenten vermeld in de hoofdstukken 2 en 3. Deze studies toonden aan dat wanneer een 
stimulus wordt aangeboden aan een dier dat onderworpen wordt aan een aversieve 
conditioneringprocedure, elke stimulus een grote N150 oproept, ook wanneer deze stimulus 
zelf niet direct gevolgd wordt door de US. Dus, de veronderstelling is dat de toename van de 
137 
 
N150 toe te schrijven is aan een verhoogd arousal niveau dat aanwezig is tijdens aversieve 
conditionering. Er werd een experiment uitgevoerd waarin ratten werden toegekend aan één 
van de volgende drie gedragsprotocollen: (1) enkel presentaties van de auditieve stimulus die 
gebruikt werd als CS in de andere twee condities (Controle conditie), (2) Pavloviaanse angst 
conditionering bestaande uit de opeenvolgende presentatie van een auditieve CS en een schok 
(US) (Gepaarde conditie), (3) onafhankelijke, ongekoppelde presentaties van de CS en de US 
(Ongepaarde conditie). Volgens de arousal hypothese zou de N150 moeten toenemen in de 
Gepaarde en Ongepaarde condities, maar niet in de Controle conditie, vanwege de 
aanwezigheid van emotionele arousal in de twee eerstegenoemde condities, maar niet in de 
laatste. Dit werd inderdaad gevonden. Verder was de N150 groter in de Gepaarde conditie dan 
in de Ongepaarde conditie. Klaarblijkelijk levert een gepaarde CS/US aanbieding een 
additionele amplitude toename op in vergelijking met een ongepaarde aanbieding. 
  
In Hoofdstuk 5 werd onderzocht of the N150 wel of niet toeneemt in Pavloviaanse 
conditioneringsprocedures met positieve bekrachtiging. De studies uit de voorafgaande 
hoofdstukken toonden overtuigend aan dat de N150 toeneemt in situaties met negatieve 
emotionele arousal, maar het was nog onbekend of deze toename ook aanwezig is in 
leersituaties die vergezeld gaan van positieve emoties. Om deze vraag te beantwoorden werd 
een experiment uitgevoerd waarin gebruik werd gemaakt van appetitieve Pavloviaanse 
conditionering met voedsel als beloning. Voedsel-gedepriveerde ratten werden onderworpen 
aan een conditioneringsprotocol waarin een toon (CS) een voedselpellet (US) aankondigde. In 
vergelijking met een habituatie protocol dat voorafgaand aan de conditionering werd 
uitgevoerd nam de N150 niet significant toe tijdens de appetitieve conditionering. Echter, de 
N150 nam wel toe tijdens een standaard angst conditioneringsprotocol dat werd uitgevoerd na 
afloop van het appetitieve experiment. Interessant genoeg ging de aversieve conditionering 
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vergezeld van een verhoogd basaal arousal niveau (zoals bleek uit een verhoogde spontane 
hartslag) en hartslagstijgingen in reactie op de CS, terwijl geen van deze parameters toenam 
tijdens het appetitieve protocol. Deze resultaten tonen aan dat de N150 alleen toeneemt in 
conditioneringsprotocollen die vergezeld gaan van toegenomen basale arousal niveaus en 
toegenomen arousal reacties op de CS. Dit vormt verdere ondersteuning voor de arousal 
hypothese van de N150.  
 
In de Algemene Discussie in Hoofdstuk 6 wordt een overzicht gegeven van de resultaten uit 
de experimentele hoofdstukken en worden de implicaties besproken voor de anticipatie en de 
arousal hypothese van de N150. De resultaten van de experimentele studies zijn in 
overeenstemming met de arousal hypothese van de N150, maar niet met een anticipatie 
hypothese. De concepten arousal toestand en arousal reactie worden geïntroduceerd en er 
wordt een overzicht gegeven van hoe beide typen arousal zich verhouden tot de experimentele 
data. Er wordt geconcludeerd dat een verhoogde arousal toestand een voldoende voorwaarde 
is voor een toename van de N150. Dit blijkt bijvoorbeeld uit het feit dat de N150 toenam in 
ratten die ongepaarde aanbiedingen van een toon en een schok kregen en zich in een toestand 
van vergrootte arousal bevonden, zoals bleek uit een hoge spontane hartslagfrequentie. De 
arousal reactie, gedefinieerd als een toename in arousal in reactie op een kortdurende 
sensorische stimulus, is gewoonlijk geassocieerd met een toegenomen N150 amplitude. Met 
name stimuli die een toename in de hartslag teweegbrengen roepen consistent een 
toegenomen N150 op. De CS in de (gepaarde) angst conditioneringsprotocollen in de 
experimenten in de hoofdstukken 4 en 5 riep bijvoorbeeld een grote hartstlagstijging op én 
veroorzaakte een toename in de amplitude van de N150. Bovendien is het zo dat wanneer een 
stimulus geen onmiddellijke hartslagstijging oproept, zoals de CS in het appetitieve protocol 
in hoofdstuk 5, er ook geen N150 toename is waar te nemen. De conclusie is dan ook dat 
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wanneer er sprake is van ofwel een arousal toestand, ofwel een arousal reactie, de N150 wordt 
opgeroepen met toegenomen amplitudes. Alleen wanneer beide typen arousal afwezig zijn zal 
de amplitude van de N150 habitueren met herhaalde presentatie van de stimulus. Verder 
wordt de rol van de amygdala bij geconditioneerde arousal, zoals die optreedt tijdens 
Pavloviaanse conditionering, en de rol bij de Oriëntatie Reactie (OR) besproken en 
gerelateerd aan de resultaten met betrekking tot de N150. Het is mogelijk dat er een verband 
bestaat tussen de OR, die ook vergezeld gaat van een arousal reactie, en de N150, aangezien 
de N150 gewoonlijk wordt opgeroepen in omstandigheden die ook een OR oproepen. 
 Voorts worden enkele nog niet gepubliceerde resulaten over de effecten van 
verschillende bewustzijnstoestanden op de amplitude van de N150 gepresenteerd. Er wordt 
aangetoond dat een toestand van waken vereist is voor het oproepen van de N150, aangezien 
de N150 verdwijnt tijdens slaperigheid en slaap. De N200 component in de AEP uit de 
amygdala van de mens wordt kort besproken en er wordt aangetoond dat factoren die de 
humane N200 beïnvloeden ook een invloed hebben op de N150 van de rat. Er wordt bepleit 
dat de N150 zou kunnen dienen als een model voor de bestudering van de humane N200, 
welke alleen gemeten kan worden in epileptische patiënten waarbij elektroden zijn 
geïmplanteerd in de amygdala voor diagnostische doeleinden. Tot slot worden de 
voornaamste conclusies met betrekking tot de functionele betekenis van de N150 
geformuleerd, met een nadruk op de implicaties voor de anticipatie en de arousal hypothese, 
en wordt een aantal nieuwe experimenten voorgesteld. 
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